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PREFACE 

This book was originally written to assist students 
preparing for the Intermediate B.Sc. and First M.B. 
examinations of the Victoria University ; but the 
requirements of these examinations are so nearly 
identical with those of other Universities, and the 
courses of Practical Physics given in Public, Technical, 
and other Schools, cover so nearly the same ground, 
that it is hoped it will prove useful to a wider circle of 
students. 

The term Intermediate in the title of the book, has 

been used to indicate that its standard is higher than 

that of the Elementary Text Books ; but it is by no 

means essential that students should have worked 

through an elementary book in order to perform the 

^ exercises described in this volume. 

'2 The book is in the main, a reprint of the papers of 

J, instructions which have been issued to the students of 

^ the Owens College during the last five years. 
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vi PREFACE 

In order that a large class might be taught simul- 
taneously, it was necessary that the explanations should 
contain sufficient detail to allow each student to do his 
work without individual supervision ; but, at the same 
time, we had to guard against the danger of giving 
such minute instructions as would allow a student to 
perform an experiment and obtain results in a me- 
chanical manner, and without a proper understanding 
of what he was doing. 

The experiments have been performed each year by 
nearly a hundred students, and have been altered until 
experience has shown that the explanations given were 
sufficient, and that good results could be obtained, 
although the apparatus was in each case reduced to its 
simplest form. 

The exercises have been designed in such a way that 
it is not necessary to use apparatus identical with that 
described in the book. To some extent the educational 
value of the book would be increased, if the instru- 
ments used differed from those mentioned in the text, 
so that the students might have to exercise a little in- 
genuity in varying the experiment to suit the apparatus 
supplied. Much must however depend on the available 
teaching power. If one teacher has to supervise a 
great number of students, he will probably find it 
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advantageous to follow the book pretty closely, and to 
work with apparatus not differing materially from that 
described. 

A complete set of Apparatus, details of which will 
be found on p. 237 of the Appendix, may be obtained 
for about £13, and five or six sets will be sufficient for 
classes of thirty students. 

The course has been arranged so that an average 
student may pass through it in about thirty lessons of 
two hours each. It is divided into sections, some of 
which are purely explanatory ; the great majority of the 
remainder can each be worked through in one lesson. 

Many backward students may with advantage omit 
some of the sections which are more advanced than the 
rest, and on the other hand, those who already have 
some elementary knowledge of Practical Mechanics, 
may omit some of the easier exercises in Part II. 

Experience has led us to attach the greatest import- 
ance to the proper keeping of note-books by the 
students, and to ensure this the books should be 
examined from time to time. The teacher should also 
keep such a record of the work done, as will enable him 
to see at a glance how each student is progressing. The 
Appendix contains a description of the method we have 
adopted to secure this end. 
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We beg to thank Mr. A. Griffiths, M.Sc, and Mr. J. D. 
Chorlton, B.Sc, who have assisted us in reading through 
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INTEEMEDIATE 
COUKSE OF PKACTICAL PHYSICS 

PART L— PRELIMINARY 

SECTION I 

General Instructions 

The exercises in this volume are intended to train the 
student^s faculties of observation, and to impress upon his 
memory some of the more important laws of Physics, 
which are treated in a more abstract manner in lectures and 
text-books. Laboratory practice is now generally recog- 
nised as an essential part of scientific instruction, but 
the educational value of experimental work depends en- 
tirely on the care which is bestowed upon it, and the 
trouble which is taken to secure accurate results. 

Read carefully through the instructions, — To perform 
an experiment successfully, it is essential in the first place 
to have a clear idea of its object. Students should there- 
fore, before beginning an experiment, read carefully 
through the instructions and explanations which are 
given in the section devoted to it. It is only when they 
have realised clearly what measurements they are to make, 

B 2 



4 INTERMEDIATE PRACTICAL PHYSICS part i 

and how these measurements are to be treated, that they 
are ready to begin. 

Note-hook of observations and calculations, — It is of 
the greatest importance that all note-books should be kept 
in good order. Every observation should be written down 
at once, and exactly in the form in which it is taken. For 
this purpose a note-book should be kept, and the observa- 
tions entered in it in such a way, that at any future time 
the meaning of each entry will be perfectly clear. 

Arithmetical calculations. — It will eventually save time 
if the arithmetical work is also written down in detail 
as it occurs, so that each step may be checked, and 
errors of arithmetic more easily traced. It is necessary 
both in the observations and calculations, that the work 
should show all the figures obtained, even if the last figure 
is zero. Thus a length may have to be measured in centi- 
metres to the nearest millimetre; if 31 millimetres is 
found, it is put down as 3*1 centimetres, and if 40 milli- 
metres is found, it should be put down as 4*0 centimetres 
and not as 4 only. The two numbers 13'7 and 13*700 do 
not mean the same thing, when put down as the result of 
an experiment. The former implies that the result 
has been obtained to three significant figures, and that no 
attempt has been made to determine the fourth, while the 
latter implies that the result has been obtained to five 
figures and that the two last figures have been found to 
be zero. 

Note-hook of results, — In addition to the book of 
observations and calculations, each student should be pro- 
vided with a note-book in which the apparatus used in 
any particular exercise, and the theory of the experiment, 
should be briefly but clearly described and illustrated 
with diagrams, and the result of the experiment stated. 
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GENERAL INSTRUCTIONS 



Students will find that the labour spent on this part 
of the work will be amply repaid. Not only will they 
more easily remember what they have done, but a future 
revision of the work will be an easy task, if their note-books 
are kept in good order. It is convenient for the pages of 
this book to be ruled in squares. 

Avoid large errors, — In their endeavour to secure good re- 
sults, beginners often concentrate too much of their attention 
on some detail of the work, neglecting to bestow sufficient 
care on what to them seems easy. Thus in reading a 
thermometer and estimating fractions of a degree, it often 
happens that the whole degrees are read off carelessly and 
incorrectly, or in measuring a length attention is paid to 
the millimetre, and mistakes* are made in the number of 
centimetres. Such errors may with a little care be avoided. 

Siibdivision by eye estimate, — In making a measurement 
we must often obtain the last figure by "estimation." 
Thus if a length is measured on a scale divided into 
millimetres, the scale shows directly between which two 
millimetres the length must lie ; but in most cases that is 
not sufficient. Thus in Fig. 1 it is seen at once that the 
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Fig. 1. 



length AB is larger than 5 but smaller than 6, divisions 
of the scale which is drawn above it. Everyone will also 
see at once, that the end B lies nearer to 5 than to 6 on 
the scale, but some may be doubtful whether AB overlaps 
5 by more or less than a quarter of a division. After a 
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little practice, that doubt disappears, and students will be 
able to estimate almost with certainty a tenth of 
division, and put down 5 '3 as the required length. 



a 



Parallax. — A source of error which is liable to render 
many physical measurements inaccurate, may here be 
noticed. Supposing the length of a rod is to be measured 
on a scale which cannot be placed in contact with it. 
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Fig. 2 will show at once, that unless the eye is so placed 
that the line of vision is horizontal, an error in the 
measurement will occur. The word "parallax" means 
" angle," and the word has come to be used specially for 
the angle formed between two lines of sight, such as those 
indicated by the dotted lines in the figure. As the error 
committed in reading the scale, depends on that angle, 
the error is said to be due to " parallax." To avoid it, we 
must have some means of causing the line of sight to 
be horizontal — Le, perpendicular to the scale. A useful 
device often employed in these exercises is illustrated in 
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Fig. 3. The scale is etched on the front surface of a plate 
of glass, the back of which is silvered so as to act as a 
mirror. It will be shown in Sec. XXII. that a line 
joining an object and its image in a plane mirror, cuts the 
latter necessarily at right angles. Hence if the eye is so 
placed, that the end of the rod to be measured and its 
image just cover each other, the right position for the eye 
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Fig. 3. 



has been found. When the scale can be brought near 
to the object to be measured, it is sometimes found 
more convenient to adjust the position of the eye until the 
image of the eye {i,e, the image of the centre of the 
pupil) covers the point of the object to be measured. In 
this case also, the line of vision will be at right angles to 
the scale. 



Accidental and systematic errors. — If an experiment is 
repeated, the result obtained is not always the same, 
since even when large errors have been successfully 
avoided, small differences called accidental errors still 
occur owing to the imperfection of our senses or appara- 
tus, or to some disturbing influence which has produced 
some unintentional change in the apparatus or conditions. 
Hence it is generally advisable to repeat all observations, 
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the arithmetical mean of the results obtained in different 
experiments being probably more correct than any one 
result by itself. But no general rule can be given as to 
how far it is advisable to continue repeating observations. 
There are certain errors called ^^ systematic error s^^ which 
are not got rid of by any number of repetitions ; thus if 
a centimetre rule is not correct, a length measured by 
means of it will be wrong by a certain amount, however 
often the measurement is repeated. It will clearly be use- 
less to diminish "accidental errors" beyond the limit at 
which we have reason to think " systematic errors " begin. 

Bepetition of observations, — As it is often one of the 
most difficult problems of experimental work to determine 
the relative importance of systematic and accidental errors, 
each exercise will contain instructions when a repetition of 
observations seems necessary ; but students should under- 
stand that, according to the accuracy of the result which 
is required, it may sometimes be necessary to repeat the 
observations more often than they are asked to do, and in 
other cases, where instructions are given to repeat an 
experiment, a single one may be sufficient if only a rough 
result is required. What is aimed at in this book is a 
fair result, as far as the apparatus used allows it to be 
obtained without exceptional skill or trouble. 

By trying in the first instance to understand the reason 
for these instructions, and by following in other cases the 
advice given them by their teachers, students will gradually 
gain sufficient experience to be able to exercise their own 
judgment in the disposition and conduct of an experiment. 
The training of that judgment is one of the principal 
objects of a course of Practical Physics. 



SECTION II 

Arithmetical Calculations 

The arithmetical calculations which occur in physical 
work can often be shortened by methods which students 
will find it advisable to practise. The most useful of these 
methods is the process called shortened multiplication, 
which may be applied when the product of two numbers 
is required within certain limits of accuracy only. Thus 
let a diameter of a circle be measured with a centimetre 
scale, and its length found to be 2*14 cms. We shall 
assume that the result is correct to the nearest millimetre, 
but that different measurements result in slightly different 
values, showing that there may be an error in the measure- 
ment amounting to 'Ol' cm., or to one half per cent, of 
the length measured. If the student is required to calcu- 
late the circumference of the circle from the measured 
diameter, he will have to multiply 2*14 by 7r = 3*14159, but 
however many figures in tt he takes into account, nothing 
can alter the fact that his result will be wrong by one half 
per cent., if the diameter is measured wrongly to that 
extent. It follows that it will be justifiable to neglect all 
figures of TT after the third, and to multiply therefore 2*14 
by 3*14. These two numbers multiplied together give 
6*7196, and the possible error which it is known may 
affect the result, renders the second decimal place doubtful. 
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The third and fourth decimal places are not only doubtful, 
but they possess no value at all, the chances against their 
being correct being exceedingly great. Hence to include 
them would not only give no additional accuracy, but would 
be absolutely misleading. It would save time therefore, 
without any diminution of accuracy, if we could obtain the 
first three figures of the above product without the last 
two, and this we are able to do by means of shortened 
multiplication, which we now proceed to explain. 

Suppose that it is required to multiply 7239 by 5826, 
and that it is known beforehand, that owing to the possible 
errors in these numbers, it is useless to find the result to 
more than four figures. The customary form of multipli- 
cation would be : — 

7239 

5826 



43434 
14478 
67912 
36195 

42174414 



It would be just as simple, however, to begin by 
multiplying by the first figure on the left-hand side of the 
multiplier — in this case 5. This would be better in all 
cases, because the most important part of the result would 
be obtained first. The work would now run as follows : 

7239 
5826 



36195 

6791 

144 

43 

42174 



2 

78 
434 

414 
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If the result is wanted to five figures only, everything 
that stands on the right-hand side of the vertical line 
drawn above, is useless and need not be written down. 
Thus the rule for shortened multiplication will be : — 
Begin multiplying by the left-hand figure of the multiplier, 
writing out the product completely. Next take the second 
figure of the multiplier, but in the calculation omit to take 
any notice of the right-hand figure of the multiplicand, and 
place the first figure of the product directly underneath 
the right-hand figure of the first line. Next take the 
third figure from the left of the multiplier, and commence 
with the third figure from the right of the multiplicand, 
and so on. It will help the beginner, in practising this 
form of multiplication, to make a stroke through the 
figures of the multiplicand as they are no longer required 
The successive steps of the calculation will be as follows : 

7239 723$( 72^^ 7!^^5( 

6826 5826 5826 5826 



36195 36195 36195 36195 

5784 5784 5784 

144 144 

42 



42165 



The line through the 9 of the multiplicand is drawn when 
the multiplication by the 5 is performed, in order to 
indicate that in multiplying by 8, it should no longer 
be taken into account, and as successive products are 
formed the successive figures of the multiplicand are 
struck out. In the final result the last figure may be 
inaccurate by a few units, as will be seen by comparing 
the above example with the complete calculation. The 
last figure is therefore omitted in writing down the result, 
but if it is 5 or greater than 5, the next figure on the 
left is increased by 1. 
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Multiply by shortened multiplication : 

2587 X 6235 

4921 X 3857 

8467 X 1304 

85928 X 6005 

The accuracy of the last figure obtained in shortened 
multiplication, may be improved by performing mentally 
the multiplications to one more figure than is required ; 
that is beginning in each case with the figure last struck 
out, and including in the first figure written down, the 
number which is " carried." 

In the following examples multiplication is performed 
on the left hand side, by the process previously described, 
while on the right, the numbers carried over are taken 
into consideration. 



568 668 

464 464 



2272 


2272 


336 


341 


20 


22 



2628 2635 

The complete result is 263552, and it is seen that a 
material advantage has been gained by the improved pro- 
cess. But students should not try to apply this method of 
obtaining increased accuracy, before they have become 
thoroughly familiar with the simpler process. 

Division may be shortened in a similar manner. 

The following example will explain the method. 
Students should write out the division in the ordinary 
way, and compare the complete and shortened forms. 

Divide 7925 by 2693, the result to be correct to four 
figures. 
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Shortened form : 

2693 > 7925 ( 29429 
5386 



25390 
24237 

1153 
1076 



77 
52 



25 

The result to four figures would be 2*943, the position 
of the decimal point being obvious. It will be 
seen, that for the first two figures of the quotient, the 
division is carried on as usual, but after that, instead 
of adding a to the remainder, and multiplying the com- 
plete divisor by the next figure of the quotient, the last 
figure of the divisor is omitted, in the next step the last 
two figures are omitted, and so on. As in multiplication, 
we may obtain more accurate results by taking account 
of the number carried from the first of the omitted figures 
in the divisor. 

The example worked out in this way would be : 

2693 ) 7925 ( 29428 
5386 



26390 
24237 

1153 

1077 



76 
54 



22 
which is correct to five figures. 
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The position of the decimal point is always best ascer- 
tained by carrying out a calculation to one or two figures 
only. 

Thus if the value of rQ^os^xesTo ^^ ^^® form of a decimal 
were required, a rough approximation to the result would 
first be found by calculating out 



40 X -03 - 1:2 ^ .^ 



•0005 X 6000 3 



Next the value of ^28x637 irrespective of the decimal place 
would be calculated. The number obtained after multi- 
plication and division to three figures is 376, and the 
approximate value previously obtained fixes the decimal 
point, so that the final result may be put down as '376. 



• A simplification of the arithmetical work is often 
possible when large and small quantities enter together 
into the calculation. Let, for instance, the product 
of 1 + S and 1 + € be required, S and e being so small 
compared to unity, that their product may be neglected. 
The complete product would be 1 + S + € + Se, and 
neglecting the last term we have : — 

(l + 5)(l+c) = l + 8 + € (approximately). 

More generally, if S and e are both small, so that Se is 
negligible compared to aby 

(a + W + = a(l + y6(l + j^) = 06(1 + ^ + 1) 

(approximately). 
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The following equations, which are often useful, will 
hold whenever h^ja^ is a negligible quantity : 

(a + 5)2 = a2 4- 2a 8= aM + {^\ 
(a - 8)2 = a2 - 2a5 = a (^1 - — ^ 
(a + 8)3 = a3 + 3^25 = a'^l + ^\ 

{a - 8)3 = 0,3 - 3a28 = a^(\ - ^\ 

_1 ^ o - 8 ^ 1/j _ 8\ 

a + 8 ~ a2 ~~ <i\ a) 

a - 8 a2 a\ aj 

As an example we may take a case which will be useful 
when barometric pressure has to be accurately determined. 
It will be shown (Section XII.) that a certain correction 
has to be applied to the barometer reading, depending on 
the temperature of the mercury column in the barometer. 
This correction is — ahty where a is a known number, h the 
observed height of the barometer, and t the temperature. 
Under ordinary circumstances the height of the barometer 
will be approximately 760 millimetres, and the tempera- 
ture not very far from 15° C, we may therefore write : — 

A = 760 + « 
^ = 15 +8 
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where k and S are small numbers and their product Kh 
therefore small compared to ht^ and as the total correction 
is small, it is generally sufficient to neglect ^S. 
Applying the previous equations we find 

U = (760 + k)(15 + «) = (760 x 15) + 15« + 7605 (approximately). 

If for K and S we write again h— 760 and <— 15 re- 
spectively, we find 

U = 11400 + 15 (^ - 760) + 760 (« - 16) 

and if the equation is multiplied by a, the numerical 
value of which is '000163, we obtain 

ohJt = 1-86 + -0024 (^ - 760) + 0-124 (« - 15^ 

Although the right-hand side of this equation looks 
more complicated than the left-hand side, A -- 760 and 
< — 15 will be small numbers, and the products to be 
calculated will be obtained without trouble, especially if 
shortened multiplication is used. 



The arithmetical mean of two numbers a and h is 
defined as ^^ ; the geometrical mean is defined as >^/a6. 
The arithmetical mean is always greater than the geometrical 
mean, for if twice the geometrical mean is taken from 
twice the arithmetical mean, the remainder is equal to 
{^^d — sl^ which is always a positive quantity. If a 
and h diflfer only by a small quantity, we may put 6 = a + 8, 
and by applying the equation given on p. 15 we find 



»Jah = tja^ + a8 = a a / 14--- 

^ a 

= «« + 6) 
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The last equation shows that if two quantities a and h 
are so nearly equal, that the square of {a — 6) can be 
neglected in comparison with a^, the geometrical mean 
may be taken to be equal to the arithmetical mean. 

Example I. — If a=2, 6 = 3 S=*l €='1 calculate 
approximately the value of {a + h) (b -f- e), and find by 
how much the result differs from the one which is strictly 
accurate. If the product had been required to one per 
cent., would it have been sufficient to use the approximate 
method ? 

Example IL — Calculate to two figures the value of 

(113-78)3 - (113-63)8 
(113-63)5^ 

Example III, — Calculate ;;^^= by the approximate 
method, and find how nearly the result is correct. 

The use of logarithms is a great help in many arith- 
metical calculations, and it will be an advantage to the 
students, if simultaneously with the present course in 
practical work, they obtain instruction in multiplication 
and division by logarithms. Tables giving logarithms 
to four decimal places will be quite sufficient for the 
purpose. 







SECTION III 

Graphical Constructions 

In physical problems, mathematical work is often 
replaced with advantage by graphical constructions. We 
shall illustrate the principle and use of such a graphical 
representation by an example. Let the connection between 
the scales of two thermometers, one (A) graduated on the 
Centigrade scale and reading correctly, the other (B) 
graduated according to some unknown scale, be deter- 
mined experimentally and exhibited in a graphical form. 
In the first place, a number of observations are taken as 
described in Section XYI., by plunging the two thermo- 
meters side by side into water at different temperatures ; 
a number of readings of A, corresponding to an equal 
number of readings on B, are thus obtained. These obser- 
vations are to be represented by a curve. Draw two lines 
(Fig. 4) at right angles to each other, OX horizontal and 
OY vertical, each of these two lines being called an axis. 
Imagine OX to be graduated on some scale which may be 
taken to represent Centigrade degrees, while OY is also 
divided according to some suitable scale. If now, for 
instance, A reads 30° while B reads 24**, take a point 
marked 30 on the scale along OX, and through it draw 
a line parallel to OY. Also take the point 24 on the 
scale of OY, and through it draw a horizontal line. These 
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two lines will intersect at a point P. A similar com- 
parison might show that 50° on A corresponded to 36° on 
B, and a point Q could thus be found exactly in the same 
way as P. For each observation one point is obtained, 
and when a sufficient number of observations have been 
taken, all the points may be united by a curve. In this 
case the curve will be a straight line MN, if both 
thermometers have been correctly graduated. If MN 




cuts OY at the point 6 of the scale, it will show that the 
freezing point on the thermometer B is at division 6 
of its scale. To find by graphical construction the 
position of the boiling point on the thermometer B, 
in other words the point corresponding to 100° on the 
Centigrade scale, we must draw a vertical line through that 
point on OX which reads 100 ; if this line intersect MN 
in Z, and if through Z a horizontal line be drawn, this 
horizontal line will be found to intersect OY, at a point 

c 2 
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corresponding to the reading 66. Hence the boiling point 
on B lies at 66. The thermometer B must therefore be 
graduated so that its freezing point is at the division 
6, and that 60 degrees of its scale correspond to 100 
degrees on the Centigrade scale. 

An important point to be attended to in graphical 
constructions, is the fixing of the scales according to which 
the axes are to be divided, and the best scale to use can 
only be determined in each particular case. It is often 
necessary to take very different scales for the two axes. 
The quantity to be measured along OY may, for instance, 
be the error of a thermometer, and never exceed 0*1 
degree, while the axis of OX may have to include all the 
points of the thermometric scale between the freezing and 
the boiling points. In that case, one centimetre along 
OX may be taken to represent 10°, while one centimetre 
along OY may represent only 0°*01. 
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The graphical method may also be used occasionally 
to correct errors of observations. Thus suppose that in a 
comparison of two thermometers, the points P, Q, R, S 
(Fig. 5) have been obtained, which, it is seen, do not all 
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lie exactly in a straight line. A straight line may be 
drawn however in such a way that the points lie as near 
to it as possible, and that straight line will probably more 
nearly represent the relation between the thermometric 
scales, than a curve which actually passes through the 
points. 

Considerable labour is saved if the paper on which 
curves are plotted is divided into squares as shown in 
Fig. 5. 



SECTION IV 

Units 

All measurements in this volume are referred to the 

so-called metrical system. The standard of length in this 

system is the metre,^ which was originally chosen because 

it was supposed to be one ten-millionth of the distance 

between the earth's equator and the pole. Practically 

however the metre is the distance between two marks on 

a certain platinum rod kept at Paris, the rod being 

supposed to be at 0°C. The metre is subdivided as 

follows : 

1 metre = 10 decimetres 
= 100 centimetres 
= 1000 millimetres. 



Also 



10 metres are called 1 decametre 
100 „ ,, ,, 1 hectometre 
1000 ,, 3i ' ,, 1 kilometre. 



^ There is at present no uniformity in the English spelling of the 
metric units, m^tre, metre, and meter being adopted by different 
writers. There is a certain convenience in distinguishing the metre 
as a measure of length, from the word meter which is in use to 
indicate certain instruments as the gas meter, water meter, or 
micrometer. Hence we have adopted the above spelling, which is 
also the most usual one. But there is no similar reason for keeping 
to the French gramme, and we shall use the spelling gram instead. 
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The relation between the English and metric units of 
length, to one part in a million is : — 

1 metre = 3*28090 feet. 

From this relation any measurement of length taken 
in one system of units may be reduced to the other, but 
the following additional relations, which may be deduced 
from the one given, are often useful. They are of course 
correct only to the last figure given. 

1 metre = 39*37 inches 

1 centimetre = 0*3937 ,, 

1 inch = 2*5400 centimetres^ 

1 foot = 30*48 „ 

1 yard =91*44 „ 

1 mile = 1*609 kilometres 

1 kilometre = 0*621 miles 

8 kilometres = b miles nearly. 



One Decimetre 



One Inch 



One Centimetre 



u One Millimetre 

Pig. 6. 

Students should make themselves familiar with the 
lengths of a metre, a centimetre, and a millimetre. It is 
a very useful exercise to estimate by eye a certain length 
in centimetres or millimetres, and then test the estimate 
by actual measurement. For this purpose a number of 
lines should be drawn . at random on a sheet of paper, 
their length varying from a quarter of an inch to three 
or four inches, and an eye estimate made of each length. 

^ Note the zeros at the end \8ee page 4). 
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Put down the estimate by the side of each line, and when 
this is done, measure each line with a centimetre rule, 
and determine the errors made in each case. Fig. 6 shows 
the lengths of a decimetre, an inch, a centimetre, and a 
millimetre. 

The relations of the units of area and of volume may 
be obtained from those of length. 



1 square centimetre 
1 ,, decimetre 
1 ,, metre 



)> 



100 square millimetres 
100 ,, centimetres 

100 ,, decimetres 

10000 ,, centimetres 
1000000 „ millimetres 
1000 cubic millimetres 
1000 „ centimetres 
1000 ,, decimetres 
= 1000000 „ centimetres. 
1 cubic decimetre is called a litre. 



1 cubic centimetre 
1 , , decimetre 



)) 



j» 



metre 



Sufficient data have already been given to deduce the 
relations between the English and metric systems, but the 
following are put down for the sake of convenience. 



1 square centimetre 
1 ,, inch 
1 „ yard 
1 acre 

1 cubic centimetre 

1 litre 

1 cubic inch 

1 ,, foot 

1 litre 

1 pint 

1 quart 

1 gallon 



0'1550 square inches 

6*451 ,, centimetres 

•8361 , , metres 

4840 ,, yards 

4047 ,, metres 

•0610 cubic inches 

6103 „ 

1 6 '39 , , centimetres 

28-315 litres 

1 '76 pints 

567*9 cubic centimetres 

1 136 litres 

4-543 litres. 



Note and explain in your note-book why the number of 
litres given as being equal to one gallon is not, as far as 
the last figure is concerned, accurately equal to four times 
the number of litres stated to be contained in a quart. 
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The metric standard of mass is the kilogram, 

1 kilogram = 1000 grams 
1 gram = 10 decierams 

1 decigram = 10 centigrams 
1 centigram = 10 milligrams. 

The expressions decagram, and hectogram for 10 and 
100 grams respectively are not much used. 

1 kilogram = 2*2046 lbs. avoirdupois 

1 gram =15*4 grains 

1 lb. avoirdupois = 453*6 grams 

1 ounce „ =28*35 grams 

1 grain =64*8 milligrams. 

The following abbreviations are in common use : 

cm stands for centimetre 

mm ,, „ millimetre 

cc or cub. cm. ,, ,, cubic centimetre 
gm or grm ,, „ gram 

mgm ,, ,, milligram. 

When great lengths are measured, it is usual to express 
them in kilometres, while small lengths are measured in 
centimetres, and millimetres, and it would obviously be 
inconvenient to have only one unit to express, for instance, 
both the distance of two towns apart, and the size of a 
small microscopic object. In every case therefore in which 
a measurement is given, the unit in which it is expressed 
should be clearly stated. But the unit of length enters 
also into the measurement of other quantities; thus the 
number expressing a certain velocity, or a pressure, or an 
energy, would be different according to whether the inch, 
the centimetre, or the metre were taken as the unit of length. 
To avoid confusion in these cases, the centimetre is always 
taken as the unit. Similarly the gram is taken as the 
unit of mass, and the second as the unit of time. Numbers 
which are referred to these units are said to be expressed 
in the C.G.S. (centimetre-gram-second) system. 



PART n 

MECHANICS 



SECTION V 
The Vernier 

Apparatus required, — Two wooden models of Verniers. 

If a length AB (Fig. 7) is to be measured by means of 
a scale divided by a number of equidistant lines, it will 
generally happen that, when the end A is placed against 
the zero of the scale, the end B falls somewhere between 
two divisions. In the figure we should say that the 
length AB was between four and five units of the scale, 
and we might even judge by estimation that it is about 
4 J units. If the mere judgment of the eye is not to be 
relied on to subdivide each scale division, but a more 
accurate method is required, a contrivance called the 
Vernier is often used. 



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

'I'l H I I' I 'i'i'i' ' 




8 9 10 



B[ 12 3 4 5 6 

R K 

Pia. 7. 



Let a small scale called the Vernier Scale HK, which 
is divided so that ten of its divisions equal in length 
nine divisions of the principal scale, be placed against the 
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end B. Looking along the two scales we see that generally 
their divisions do not coincide, but that the division 
marked 4 on the Vernier scale is in the same line with a 
division marked 8 on the principal scale. This fact will at 
once enable us to say that the length AB is 4*4 units of 
the principal scale, for since 10 divisions of the Vernier 
scale = 9 divisions of the principal scale, 1 division of the 
Vernier scale = '9 divisions of the principal scale, or a 
Vernier division is less than a scale division by '1 of a 
scale division. Hence the part of AB which extends over 
division 4, i,e, the distance between 4 and 0, is greater than 
the distance between 5 and 1 by '1 of a scale division. 
Thus:— 

Distance between 4 and = distance between 6 and 1 + *1 

= „ „ 6 and 2 + -2 

= „ „ 7 and 3 + -3 

= ,, „ 8 and 4 + '4 

Or the total length of AB = 4*4 scale divisions. 

The student will easily assure himself, that if the eighth 
division of the Vernier scale had been coincident with one 
of the divisions of the principal scale, the length would 
have been 4*8 ; and generally after the whole unit has been 
read off on the principal scale, the decimal place, or even 
sometimes more than one decimal place, may be found by 
that division reading on the Vernier scale, which coincides 
with one of the divisions of the principal scale. 

Exercise I 

The Vernier " A " provided has its divisions of such a 
length, that ten of them are equal to nine of the principal 
scale. The student should explain in his notebook, how 
this Vernier may be used for measurements of length, and 
measure by it the length, breadth, and thickness of the 
small block of wood provided. 
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Before making a measurement, it is advisable in each 
case to estimate the length to be measured as accurately 
as possible by eye, the estimation being made by supposing 
a division on the scale to be subdivided into ten equal 
parts. 

Exercise II 

The Sliding Calipers 

Examine the Vernier on the centimetre scale of the 
sliding calipers provided, and by means of them measure 
the length of a brass cylinder (Fig. S\ The reading on 



a 




5 a 7 8 9 lO II 12 IS 14 15 
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the scale when the jaws are just touching, should first be 
taken, then the reading when the jaws just touch the 
two ends of the cylinder. The difference is the length 
required. 



All Verniers are the same in principle, but in some cases 
the reading has to be conducted with greater care, as the 
value of one Vernier division may not be so evident as it is 
in the simple case of which Fig. 7 is an example. Take, 
for instance, that illustrated in Fig. 9. There the principal 
scale is subdivided into half units, each fifth unit being 
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marked. The length AB is evidently greater than 2*5, and 
less than 3 scale divisions, and the Vernier enables the 
excess over 2*5 to be determined. The Vernier scale con- 
tains 25 divisions, which are equal to 24 small divisions of 
the principal scale, so that the length of each Vernier 
division is -f^ = '48 of the scale unit, or a Vernier 
division is '02 less than a scale division. The coincidence 
is seen to take place at the seventeenth Vernier division, 
hence : — 

Distance between 2*5 and = distance between 3*0 and '2 + '02 

3*5 and -4 + -04 

4*0 and -6 + -06 

4-6 and -8 + '08 



a it 

»» f> 

>> f » 
&C. 



= -34 
Or the total length AB = 2*5 + -34 

= 2*84 scale units. 



11-0 and 3-4 + 34 



The meaning of the numbers opposite each fifth divi- 
sion on the Vernier scale is now clear. If the coincidence 
had taken place accurately at the point marked 3 on the 
Vernier, we should have had to add '3 to the reading 
on the principal scale next below B, which is 2*5. The 
unit on the Vernier is divided into five parts, hence the 
value of each subdivision is *02, and- as the coincidence 
takes place at the second division from the point marked 
3, we have to add '34 to the reading of the principal 
scale. Reading a Vernier scale of this nature we should 
put down — 

\ Principal scale 2*5 

■\ Reading of point of coincidence of Vernier . '34 

^t Length AB 2*84 

AJjpienever a Vernier has to be read, the first step 
be to make sure of the value of one division on 
le two scales. 




^ 
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Exercise III 

The barometer which is suspended in the laboratory, 
has a scale divided on one side into inches, and on the 
other into millimetres. The Vernier on the inch scale is 
divided as in Fig. 9, the unit only being different. 



10 
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The Vernier " B " provided, is a model of the barometer 
Vernier. Determine by means of it the dimensions of the 
block of wood previously measured, putting down the 
reasoning and results as above. 

Examine the Verniers on both the metre and inch 
scales of the barometer, and explain how the former 
should be read. 



SECTION VI 

The Spherometer and Screw Gauge 

Appa/ratvs required, — ^A spherometer standing on a glass 
plate, a brass cylinder, a brass plate, a scale divided into 
centimetres and millimetres, and a screw gauge. 

Study carefully the construction of the spherometer 
provided (Fig, 10). Note that while the screw is turned 




Fio. 10. 



through a whole revolution, it is raised through a distance 
equal to the pitch of the screw, i,e, to the distance from 
thread to thread in a direction parallel to the axis of the 
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screw. Note also the way in which decimal parts of a 
revolution can be read o£F. 



Exercise I 
To find the Pitch of the Screw of the Spherometer 

A brass cylinder is provided, the length of which must be 
measured in the first instance with a glass scale, and esti- 
mated to a tenth of a millimetre. The length found thus 
by estimation should be verified by measurement with the 
sliding calipers. 

In order to determine the relation between the length 
of the cylinder and the pitch of the screw of the sphero- 
meter, place the instrument on a glass plate. Turn the 
screw until its point just touches the glass plate. This is 
readily done, for if the screw is turned a little too far, the 
instrument may be made to rock by slightly tapping it 
above one of the legs. If therefore the point of the screw 
is too low to begin with, it can be gradually raised until 
the rocking ceases. When the point is adjusted in this 
way, read o£F the division of the disc which is opposite the 
vertical bar. Several readings should be taken, the screw 
being re-adjusted each time. Next turn the screw so that 
its point is raised, counting the number of whole revolu- 
tions until the brass cylinder can be introduced beneath 
the point. Adjust the screw again until the point is 
in contact with the top of the cylinder, repeating the 
operation and reading off each time the division on the disc 
opposite the bar. 

Note, — ^In order to count the number of complete revolutions, the 
student will find it convenient to gum a strip of paper at the zero 
mark of the circular disc ; this strip is easily seen while tne screw 
is turned round, and each time it passes the vertical har, a whole 
revolution is completed. Great care should be taken to obtain the 
number of revolutions without error. 

P 2 
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From: (1) the mean of the readings taken when the 
point of the screw was in contact with the glass plate, 
(2) the mean of the readings taken when the point was in 
contact with the top of the cylinder, (3) the number of 
complete revolutions through which the screw was turned, 
(4) the height of the cylinder, the student should be able 
without difficulty to determine the pitch of the screw. 
The observations and results should be rendered clearly. 

Exercise II 

To Measure the Thickness of a Brass Plate by 
means of a Spherometer 

Proceed as before : but as the pitch of the screw is 
now known, the experiment determines the thickness of 
the brass plate. 

Exercise III 

Use of the Screw Gauge 

To determine the pitch of the screw (Fig. 11) unscrew 
the head, noting that at each revolution it passes one 
division of the scale on the stem. When the head is oflF, 




Fig. 11. 



compare the scale on the stem with a millimetre scale, and 
thus find in millimetres the value of a scale division, i,e, 
of the pitch of the screw. TL&ymg found the pitch, screw 
the gauge up, using the finger and thumb to gently rotate 
the screw till the jaws are just in contact, which can be 
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detected by the slight increase of resistance to the rotation. 
Bead the last division visible on the stem, and the division 
on the head opposite the fixed mark on the stem. This is 
the zero reading. Now insert the body to be measured, 
screw up till the jaws just touch it, and take again the 
readings on stem and head. From the pitch and these 
measurements, determine the length of the body measured. 
Find by the gauge the thickness of the brass plate 
previously measured. 



SECTION VII 
The Law of Moments 

Appa/ratus required, — Moments apparatus, and weights. 

Definition, — If P (Fig. 12) be any force and O a point, 
then if from O a perpendicular to the direction of P be 
drawn, and p be the length of this perpendicular, Pp is 
the moment of the force P with respect to the point O. 



P^ 



I 



I 

'O 
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It has been found useful to give the plus or minus sign 
to moments, according as P tends to rotate the line p in one 
direction or the other about the point O. It is generally 
agreed to call the moment positive, if the rotation tends to 
be in a direction contrary to that of the hands of a toatch. 
Thus if, in Fig. 13, P' be the magnitude of a second force 
irrespective of sign, the moment of P' with respect to O 
will be — P'p. 
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Proposition. — It ia proved in books on Mechanics that 
if a body acted on by forces in one plane only, ia in 
equilibrimn, the algebraic sum of the moments of the 



forces with respect to any point in their own plane 
Tanishea ; or in other words, the sum of the moments 
having positive signs, must be equal to the sum of the 
moments having negative signs. 




To verify the law of moments in the special case of two 
parallel forces, a balanced disc of wood capable of rotating 
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about its centre is provided (Fig. 14). Weights can be 
suspended from holes bored in the disc. 

Proceed as follows : 

(1) Weigh together the scale pan P, the string and peg 
j3, also the pan W, string and peg w. 

(2) Place the pegs in two holes that lie along the same 
diameter of the disc, and suspend the pans P and W from 
the pegs. Notice that if the weights are equal, the disc is 
in indifferent equilibrium, and will remain at rest in any 
position. 

(3) Remove one of the pegs with the attached pan, and 
place it in a hole, so that the line joining the two pegs 
does not pass through the centre of the disc. Place 
weights in P and W, and notice that the disc will come to 
a position of stable equilibrium, if the line joining the 
pegs passes under the centre, but that the equilibrium will 
be unstahle, when the line passes over the centre of the disc. 

(4) In the case of stable equilibrium, read in the glass 
scale MG the positions of the strings at A and C, and of 
the plimib line in the middle at B, taking care in reading 
that the string covers its reflection in the mirror. Both 
edges of the strings should be read and the means taken. 

(5) Alter the positions of the pegs and the weights in 
the pans, and take fresh readings. 

(6) Reduce the observations as follows : If Pj is the 
weight placed in the pan the weight of which and ac- 
cessories is P, and if p is the perpendicular between the 
string from which P is suspended and the string at B, the 
moment of P+Pj about the axis of rotation is (P+Pi)p. 
This must be equal to the corresponding quantity on the 
other side. Hence : — 

(P + V^)p = (W + Wj}w 

P + Pi w 

or : — zz — 

W + Wi p 
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The ratio of the weights P + P^ and W + W^ can be found 
with great accuracy, but the difficulty of the experiment 
Hes in the determination of the perpendiculars. It was 
found, in one experiment, for instance, that when the ratio 
of the weights was 1*187, the inverse ratio of the cor- 
responding perpendiculars was only 1*165. The unavoidable 
errors of observation combined therefore, to produce a dif- 
ference of two per cent, between two numbers which should 
be equal. The difference is not more than was to be 
expected from the necessarily rough method of measuring 
the perpendiculars. If the measurement of one of these 
was one per cent, too large, and that of the other one per 
cent, too small, the error would be accounted for. Owing 
to the friction of the axle of the disc in its bearings, the 
position of equilibrium is a little uncertain, which will also 
tend to produce an error. 

The student should, before he works out the result, make 
a note of the degree of accuracy he believes his measure- 
ments to have reached, and should enter his results as 
follows : — 

Weight of left pan = 30 grams. Weight of right pan = 30*5 grams. 
Weight in left x>an = 50 „ Weight in right pan = 30 ,, 

Total . . =80 „ Total . . . =60*5 „ 

Ratio of weights = 80/60*6 = 1-32. 

Plumb line at 0. 

Distance to left string =9 '7 cms. Distance to right string = 12*9 cms. 

Ratio of distances = 12-9/9-7 = 1*33. 

Error per cent. = '7. 



SECTION VIII 

The Pendulum 

Apparatus required, — A simple pendulum witn a wooaen 
rod behind it, provided with two scales engraved on mirrors, 
and a beam compass. 

The relation between the length ^ of a simple pendulum, 
its period <, and the value of the gravitational constant g^ 
is proved in books on Mechanics to be 



--Ji- 



If, therefore, the period of a simple pendulum of known 
length is observed, the value of g may be found. The 
above equation gives : — 

where tt^ = (3*1416)2 ^ 9.37 nearly. 

Note. — By the "period" or "complete time of oscillation" is 
meant the time which a pendulum taKes to go through the whole 
cycle of change. If the time is reckoned, for instance, from the 
instant of passage of the pendulum through its position of equili- 
brium from left to right, the first vibration is complete only when 
the pendulum again swings through its position of equilibrium from 
left to right. 
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Exercise 

To determine the Vcdue of the Gravitationcd 

Constant 



In the apparatus provided, a leaden bullet is suspended 
by means of a string in front of a support, to which two 
glass scales with silvered backs are fixed (Fig. 1 5). 
The length of the pendulum can be ascertained 
as follows : The two glass scales are placed behind 
the point of suspension and the leaden bullet 
respectively, in such a way that the readings in- 
crease downwards. The eye should be placed so 
that the leaden bullet covers its own image in 
the glass scale behind, and the positions of its 
highest and lowest points read off i^ee page 6, 
^^ Pa/raMcix^^), The mean of the two readings 
gives the point on the scale which is at the same 
level as the centre of the bullet. The position 
of the upper end of the pendulum should be 
read in the same way. If the distance between 
the zero points of the glass scales is then deter- 
mined with the help of a Beam Compass, the Fio. 15. 
length of the pendulum is known. Three experi- 
ments should be made, the lengths of the pendulum 
being approximately 80, 60, and 40 cms. 

To find the time of vibration : Place the clamp, from 
which the string is suspended, so that the slit separating 
the jaws runs at right angles to the direction in which 
the pendulum is to swing. Draw the bullet aside (about 
5 cms. for the greatest, and half that for the smallest length), 
holding it in the displaced position, and observing the 
motion of the seconds hand of a watch. As the hand passes 
a given point (say 60) let the bullet go gently, without 
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giving it an impulse in any direction. Count one each 
time the pendulum comes back to its original position, until 
it has performed 100 complete oscillations. Be careful to 
count and not 1 as the bullet leaves the hand. When 
the proper number is nearly complete, watch again the 
seconds hand, noting down accurately the second at which 
the number is complete. Having observed whether any 
entire minutes have elapsed since the beginning of the 
counting, and if so how many, write down in your note- 
book the number of seconds the pendulum took to perform 
100 vibrations. If the pendulum, during its motion, 
changes considerably its plane of vibration, so that there 
is danger of its striking against the support, it is a sign 
that the above directions for starting the pendulum, have 
not been sufficiently attended to, and the observation must 
be repeated. The time observation should be taken twice 
for each length of the pendulum. 

The experiments are entered as follows : — 

Experiment I. 

(1) Reading of point of support of string . 7 '5 cms. 

(2) „ top of bob 1-75 „ 

(3) ,, bottom of bob .... 3*5 ,, 
,» centre of bob (mean of (2) and (3)) 2*63 „ 

Distance between zero points of scale . . 88*4 „ 

Hence observed length of pendulum 

88-4 + 2-63 - 7-5 = 83*5 „ 

Time of 100 vibrations (a) .... 184 sees. 

Time of 100 vibrations (6) .... 183 sees. 

Mean 183*5 „ 

Time of one vibration , . . . . 1"835 „ 

Experiments II. and III. — Entered for the shorter 
lengths as above. 
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Results. 





I 


t 


9 

(calculated) 




(correct 
value) 


Percentage 
Difference. 


Exp. I. 
,, II. 

„ HI. 


83*5 cms. 

55-8 

39-8 


1*835 sec. 

1-490 

1-265 


979 
992 
983 


981 


- -2 
+ 11 
+ -2 



Note. — Observe that any error in obtaining t will lead to double 
the percentage error in g, since in calculating g the value of t is 
squared. Hence, in order that the error should not exceed one 
per cent., the time of 100 vibrations should be correct to about 
half a second. This cannot be secured with a watch having an 
ordinary seconds hand unless several observations are taken. 



SECTION IX 

The Hydrometer 

Apparatus required. — A Nicholson hydrometer, a 
weights, & piece of gloss, and some salt solution. 



To find the Specific Gravity of a Piece of Glass 

(I) To weigh the glass. 

Place weights in the pan A of the hydrometer provided 
(Fig. 16), until the hydrometer, floating in a 
' Jar filled with water, sinks to the fixed mark 

M M. In using the weights avoid placing them 
on the table; a weight should always be 
either in the pan or in the box. Next 
place the piece of glass in the pan A, and 
add weights till the hydrometer again sinks 
to M. The difference between the weights 
used in the two cases, will be the weight 
of the piece of glass. If, for instance, 2'65 
grms. had to be added to sink the hydro- 
meter OS f ar aa M before the glass was placed 
in A, but only 1'21 grms. after the piece 
of glass had been added, the weight of the 
15- 1-21=1 -44 grma. 



^A- 
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(2) To find the weight of an equal volume of water. 

Place the piece of glass in B. Additional weights will 
be required to sink the hydrometer again to M, since the 
pressure of the water acting on the piece of glass produces 
a resultant upwards, which, by the laws of hydrostatics, 
is equal to the weight of the fluid displaced by the glass. 
The weights which have to be added to balance that 
resultant, will be equal to the weight of a volume of water 
equal to that of the piece of glass. Suppose that the 
weight in A, when the piece of glass was in B, was 1*67 
grms. ; then the weight of the displaced liquid was 
1-67 -1-21 = -46 grms. 

(3) To calculate the specific gravity. 

The specific gravity of a body being the ratio of its 
weight to the weight of an equal bulk of water, is calculated 
by the formula : 

« .« .. __ Weight of the body 

v^ © J — Weight of equal bulk of water 

Thus in the above case : 

Weight of body . . . = 1 '44 grma. 

„ equal bulk of water = *46 „ 

1*44 
Hence the specific gravity = —^ = 3*13 

Exercise II 

To find the Speoifio Gravity of a Solution of Scdt 

The water in the hydrometer jar is poured out, and 
replaced by salt solution from the cistern provided. The 
weight required to sink the hydrometer to the mark M 
in the solution, is first found. The hydrometer is then 
removed from the solution, dried, and weighed. If the 
weight of the hydrometer is W, and P is the weight to be 
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added when it is placed in the salt solution, W+P will be 
the weight of the liquid equal in bulk to the immersed 
portion of the hydrometer. Similarly if weights P' had 
been added when the hydrometer was floating in water, 
W + P' is the weight of water equal in volimie to a 
weight W+P of the salt solution. The required specific 
gravity will therefore be 

W + P 
W + F* 

[After the observations have been taken, the salt solution 
should be poured back into the cistern.] 



SECTION X 

The Balance. I 

Apparatus required. — Balance, box of weights, brass 
cylinder, and beam compass. 

Students are supposed to be familiar with the principles 
on which balances used for accurate weighing are 
constructed. 



t=£ 



A 



t 






"^ 



Pio. 17. 




A balance (Fig. 17) is provided, by means of which the 
weight of a substance may be determined to the nearest 
centigram. The student should make a sketch of it in 
his note-book. 



E 
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When weighings are taken attend to the following 
instructions : 

1. See that the balance swings freely when displaced, 
and that the pans are nearly balanced. If, when the pans 
are empty, the pointer which is attached to the beam is 
much displaced to one side, move the brass vane above the 
beam to the left or right. This will slightly displace the 
centre of gravity, and the pointer may thus be made to 
occupy a more or less central position. 

2. The end of the pointer moves in front of a glass 
scale. As the scale is some distance behind the pointer, 
it is found that by moving the eye to right and left, the 
apparent position of the pointer on the scale alters owing 
to parallax (see page 6). To avoid errors due to this 
cause, always look at the pointer in the same direction, 
which can be secured if it is always made to cover its own 
image in the mirror on which the scale is engraved. It is 
not necessary that the pointer should stand exactly at the 
centre of the scale, as long as during a set of weighings 
it is always brought back to the same position. It will 
be convenient, however, when the balance is nearly 
adjusted, to shift the scale a little to the right or left, so 
as to make the pointer stand opposite the central division. 

3. The contents of the boxes are arranged so as to allow 
the correct weight to be quickly found by systematic trial. 
They consist of masses of 10, 5, 2, 2, 1 grams; and of 5, 
2, 2, 1 decigrams and centigrams. If a box is incom- 
plete the fact should be reported at once. In carrying out 
an observation, it will be found most convenient to begin 
by finding the upper limit to the weight required. Thus 
let the substance weigh 8*57 grams. On trial it will be 
found that 10 grams is too much. The next weight 5 is 
not enough ; the next weight 2 is added and is still not 
enough ; the second 2 is added and is found too much ; 



SKOT. X THE BALANCE. I 51 

it is therefore replaced by the 1. Proceed in this way 
with the decigrams and centigrams, trying each weight 
in descending order, and removing a weight from the pan 
only when it is found to he too much. When a weight is 
removed it should be replaced in its proper position in the 
box, and not on the table, 

4. In order to see whether the body is properly 
balanced, it is not necessary that the beam of the balance 
should be at rest. Small oscillations of the beam and 
pointer are often unavoidable, and are not detrimental. 
It is only necessary to observe whether or not the oscilla- 
tions take place synmietrically about the required position. 
In fact, delicate balances are generally observed while they 
are oscillating slightly. Large oscillations are however 
to be avoided, and with the balance used, can be 
checked by cautiously touching the pans with the finger. 
The pointer should never be touched. 



If a balance is always to weigh correctly, its arms 
should be equal. As this is never absolutely the case, 
means must be taken to determine the inequality of the 
arms, and to find the true weight of the substance, 
independently of the defects of the instrument. Let a 
body of true weight P be placed in one pan of the balance, 
and let the arm on that side have a length a. Let the 
arm on the other side of the balance have a length 6, and 
let Wj be the weight on that side which wUl exactly 
balance P. Then by the law of moments 

Pa = Wi6. 

If now P is placed in the other pan, it will require a 
different weight Wg to produce a balance, and we have : — 

Waa = P6. 

E 2 
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The first equation gives 



6~ P 



• • 



and the second 



a 



• • • 



b Wj. 
Multiplying (1) and (2) we find 



(1) 



(2) 



b" V 



and dividing (1) by (2) P = VW^.Wg. 

Hence, even if the balance has unequal arms, the true 
weight may be found by taking the geometrical mean 
of the apparent weights, found when the substance is 
placed first in one pan, then in the other. 

In the case of an ordinary balance, the arms are as 
nearly as possible of equal lengths, and the weights W^ 
and Wg consequently so nearly alike, that instead of the 
geometrical we may take the arithmetical mean, in accord- 
ance with what has been said on approximations on 
page 17. 

Exercise 

To find the Ratio of the Arms of a Balance, and 
the True Weight of a Body- 
Proceed as follows : (1) While one pan is suspended with 
its knife edge resting in its proper groove on the brass 
plate at the end of the beam, the hook of the other pan 
is pushed through a hole which is near the other end 
of the beam. The balance will not now be in equi- 
librium as the equal weights of the pans act at different 
distances from the axis of the beam. 

A small sliding weight is provided which can be placed 
on the shorter arm, and adjusted until equilibrium is 
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restored. Care must be taken that during the exercise 
this sliding weight is not displaced. 

2. Place the cylinder in one pan, and find the weight 
required to produce a balance. For this purpose a weight 
heavier than those in the small boxes may be required. 

3. Place the cylinder in the other pan, and repeat the ' 
observation. Time will in the end be saved if between 
the two weighings all the weights are carefully put back 
into their proper places in the box. 

4. Take off the pans from the beam, lift the beam from 
its support, and find, with the help of beam compasses, the 
distances between the central knife edge and the points 
from which the pans were suspended. 

Calculate out the results and enter them as follows : — 

Balance used, No. 5. 
Box of weights, No. 6. 
Brass cylinder, No. 7. 
Apparent weight of cylinder when in left pan (Wj) 115*27 grams. 

right „ (Wj) 87-30 „ 

P = n/W^j = \^l0063 = 100-31 grams. 



Length a measured with beam compass . .29*7 cms. 
,, o ,, ,, ,, . . 25*5 ,, 

T from measurement .... I '165 



J „ weighing 1*149 

Difference, 1 *5 per cent. 

The error is probably due to an error in measuring 
the lengths of the arms, for the weighings should be 
correct to much less than 1 per cent. 
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If, in order to find the true weight of P, we had taken 
the arithmetical mean instead of the geometrical mean, 
we should have found the number 101*28, which is 
slightly in excess of the correct weight. In this exercise 
the inequality in the arms of the balance has been pur- 
posely made large. When the inequality is due only to 
imperfections in the manufacture, the arithmetic mean 
between the two apparent weights is nearly always found 
a sufficient approximation to the true weight. 



SECTION XI 

The Balance. II 

Appa/rattM required, — Balance, box of weights, brass 
cylinder, can, and salt solution. 

Exercise I 
To find the Specific Gravity and Density of Brass 

Brass being a substance which is not attacked by water, 
its specific gravity is found by comparing the apparent 
weight of a piece of the metal in air, with its apparent 
weight when suspended in water. The appJarent loss of 
weight of a solid when suspended in a liquid, is due to 
the upward pressure, which is equal to the weight of a 
volume of the liquid equal to that of the solid. 

Since 

o .r, .. Weight of body 

P^ 6^ J — Weight of equal volume of water 

and both numerator and denominator of the fraction 
may be determined by experiment, the specific gravity may 
be calculated. 

As the specific gravity depends on a ratio of two 
weights, it is not necessary that the balance should have 
equal arms when used for the determination, provided the 
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substance is always placed on the same side of the balance ; 
as however the determination of density requires a 
knowledge of the true weight, the balance should be used 
with the arms equal. 

Proceed as follows : 

1. Weigh the given brass cylinder in air. 

2. Suspend the cylinder by means of a silk fibre from 
the hook underneath the pan. In order that the cylinder 
should swing well above the level of the table, it will be 
necessary to raise the pan by placing the ring, which 
supports the three strings, over the hook attached to the 
knife edge, as shown in Fig. 17. Fill the can provided 
with water, suspend the brass in the water so that it 
hangs clear of the sides of the can, and find the apparent 
weight, taking care not to be led into error by the re- 
sistance of the water, which will make the balance move 
more sluggishly than before. The weight of the silk may 
be neglected. 

From the two results calculate the specific gravity of 
brass. 

Record as follows : 

Balance used, No. 5. 
Boa: of weights, No. 5. 
Brass Cylinder, No. 9. 
Weight of Cylinder in air . . 103*25 gnns. 

,, „ water . . 91*12 „ 

Loss of weight . . . . 12*13 „ 

Specific gravity of brass = 8*61 



The density of a suDstance being the weight per unit 
volume, is in the metrical system of units numerically 
equal to the specific gravity. 

Calculate the density of brass from the volume and 
weight of the cylinder, and compare the density so ob- 
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tained with the value of the specific gravity found by the 
preceding experiment. 

For this purpose the diameter of the cylinder must be 
measured with sliding calipers, and its length by means of 
a glass millimetre scale, tenths of a millimetre being 
estimated. The area of the base can then be calculated, 
since a circular area is equal to 7rr^, where r is the radius 
of the circle. The volume will be equal to the product 
of the area of the base and the length. 

Record as follows : 

Cylinder No. 9. 

Diameter = 1 *59 cms. 

Area of base = 3*14 x '795 x '795 = 1*984 sq. cms 

Length of cylinder . . . = 6*18 cms. 

Volume = 1-98 X 618 . . . = 12*24 cc. 

Weight =103*25 grms. 

T. .. 103*25 _ .^ 

Density = ^^T^i * • * . = 8*43 

Since in the measurement of the diameter an error 
of half a per cent, might easily have been made, it 
would be useless to give the result to more than three 
figures. Hence, also, it would be useless to take a more 
accurate value for tt than 3*14. The intermediate calcu- 
lations should be carried on by shortened multiplication to 
four figures, in order to insure the accuracy of the third 
in the final result. 

Note that by reversing the above calculations, the dia- 
meter of a cylinder, the length and density of which are 
known, can be found by weighing the cylinder. 

Exercise II 

To find the Specific Gravity of a Liquid 

Find the specific gravity of the given liquid by weighing 
the brass cylinder in the liquid, taking account of the 
weights in air and m water previously determined. 
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Explain how the specific gravity is calculated in this 
case, and write out the results as follows : 



Weight of cylinder in air = grms 

„ ,, in water = ,, 

„ „ in Uquid = „ 

Specific gravity of liquid = 

Exercise III 

To find the Specific Gravity of a Solid lighter than 

Water 

To the hook under the pan of the balance which has 
been raised, attach, by means of a piece of thread about 
5 cms. long, the " sinker " provided. See that when a can 
of water is placed underneath, the top of the sinker is 
about 1 cm. below the surface of the water, when the 
pointer of the balance is at zero. Place weights W^ in the 
other pan, till the balance is in equilibrium. Now place 
the body, the specific gravity of which is required, in the 
raised pan, and again balance by weights Wg in the other 
pan. Now place the body underneath the sinker in the 
water, and balance again by weights Wg. The specific 
gravity of the body is then 

Wa- Wi 
Wa - Ws* 

Record as follows : 

Weight to balance sinker Wi . . . . = grms. 
„ ,, ,, and body in air Wg . = „ 

„ ,, „ ,, water Ws = }, 

Specific gravity = 



SECTION XII 



The Barometer 



In some physical experiments as, e.g., the determination 
of the boiling point of water, the magnitude of the 
atmospheric pressure affects the result, and it 
is therefore necessary to measure it. In Fig. 18 ^ 
AB is a bent tube open at one end. The 
tube contains mercury, which in one branch 
of the tube reaches up to a level H, in the ^ 
other up to the level K; the space between 
H and A being a vacuum. If a horizontal 
line be drawn through K, so as to cut the 
mercury in the other branch of the tube at 
K', then from hydrostatic principles the pres- 
sure at K must, since there is equilibrium, be 
the same as at K'. The pressure at K is the |^:. 
atmospheric pressure, the pressure at K' is 
that due to a column of mercury of a height 
equal to the vertical distance between H and Fig. is. 
K'. Hence the height of this colunm will 
serve as a measure of the atmospheric pressure. It follows 
that what we want to measure in a barometer is the vertical 
distance between the free surfaces of the mercury in the two 
limbs of the barometer. 



60 
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It remains to discuss the practical question, how this 
vertical distance is to be measured. 

Note, in the first place, that as the mercury alters its 
level in one limb, it must necessarily do so in the other. 
If the cross section of the tube is the same in both limbs, 
and the mercury falls a centimetre at H, it must neces- 
sarily rise by the same amount at K. Hence 
the total diminution in the difference of level 
is two centimetres. If the cross section of the 
tube at K is greater than at H, then for a fall 
of a centimetre at H, the rise at K will be 
less than a centimetre ; and in general the 
simultaneous changes of level will be inversely 
as the areas of the free surfaces. If, as in 
Fig. 19, the barometer tube is placed in a 
trough of mercury, the level in the trough will 
alter very little. Hence, to find the height 
of a barometer accurately, we must either 
measure directly the difference in level, or 
observe the upper surface and know the ratio 
of the cross section of the tube to that of the trough. The 
first plan is the more accurate one, and is always adopted 
in barometers which are used for scientific purposes. 

In the most common form of barometer (Fortin's) a 
scale is attached to the tube, in such a way that an ivory 
pointer marks the level of the zero division. If this ivory 
pointer is exactly in contact with the upper surface of 
the mercury in the trough, the scale reading, taken in the 
manner indicated further on, should give the height of the 
barometer. 




Fio. 19. 



Exercise 

To read the Barometer accurately 

To set the mercury to the ivory pointer. — ^The trough of 
mercury is closed at its ^ower end by a flexible leather bag, 
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which can be raised or lowered by means of a screw, fixed 
into the bottom of the barometer tube. If this screw is 
turned, the level of the mercury in the trough alters, and 
may be brought just into contact with the pointer. This 
can be done to a high degree of accuracy if the reflection 
of the pointer in the mercury is watched. As the mercury 
is gradually raised, the pointer and its image approach, 
and just as they appear to come into contact the adjust- 
ment is complete. 

-r . ^ — - 

To read the level of the mercury in the tvhe, — A Vernier 
is attached to a movable tube, the bottom end of which 
should be first raised clearly above the convex surface of 
the mercury, and then carefully lowered until it appears to 
be just in contact with the mercury. Parallax is avoided, 
by keeping the eye always at such a level, that the back 
lower edge of the tube appears to coincide with the 
front lower edge (Fig. 20). When the setting is made, 




Fia. 20. 

move the eye up and down to be sure that in any position 
of the eye no line of light appears between the central 
part of the surface of the mercury and the edge of the 
tube. Owing to the convexity of the surface there will 
be some light at the sides. The Vernier is now read in 
the manner described in the exercise " Vernier." 

As the scale is set vertically once for all, the reading of 
the scale and Vernier gives directly the height of the 
barometer, but before the atmospheric pressure can be 
deduced from it, some important corrections are necessary. 
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Correction dus to the temperature of the mercury and 
scale. — It is generally agreed to "reduce" the height of 
the barometer to that which would be observed, if the 
scale and mercury were at a temperature of 0*'C., and 
tables have been constructed which give the correction to 
be applied to the observed barometric height, in order to 
obtain the " reduced " height. This correction amounts to 
1'86 mm. if the barometer stands at 760 mm. and the 
temperature is 15°, provided the scale is made of brass or 
of some metal having about the same coefficient of expan- 
sion. If no tables are available, a formula of reduction 
may be easily found. For, if a is the relative coefficient of 
linear expansion of the mercury and the scale, the height 
h^ of the barometer at 0° will become h at f where 

h = ^o(l + at). 

The correction is therefore — ah^t If the scale is made of 
brass, a may be taken as 0*000 163. The correction has a 
negative sign, because the observed height h is greater than 
the reduced height h^. In most observations it will be suf- 
ficient to know the barometric height to O'l mm., and h 
may be substituted for h^ in the correction, which may then 
be put into the form 

- [1-86 + 0-0024{A - 760) + 0'\2A{t - 15°)] 

where h represents the observed height in millimetres, and 
the correction is also given in millimetres {see page 16). 
The second and third terms will be small, and are easily 
calculated to the required degree of accuracy. The ex- 
pression will introduce errors less than '05 mm., as long 
as the product (A — 760) (< — 15) is less than 300, that 
is if, for instance, the barometer stands between 730 and 
790 mm., and the temperature lies between 5° and 25°, 
which is nearly always the case near the sea level. 

The temperature of the mercury should be read on the 
thermometer fixed to the barometer, care being taken that 
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the presence of the observer while adjusting the barometer, 
does not introduce an error by raising the temperature of 
the air in the neighbourhood. 

Correction for gravitational constant. — ^The barometric 
heights observed at different places are not strictly pro- 
portional to the atmospheric pressures, as they depend on 
the value of gravity, which differs at different places. 
Thus, for the same atmospheric pressure, the barometer 
would stand nearly 4 mm. higher at the equator than at 
the pole, because the value of gravity is about '5 per 
cent, smaller at the former than at the latter place. 
The height above the sea level also affects the value of 
gravity. In order to make the barometer readings taken 
at different places comparable, they are reduced to what 
they would be, if the constant of gravitation had the 
same value as at the sea level in the latitude of 45^ The 
correction in London amounts to about + 0*44 mm., in 
Manchester to + 0"57 mm. 

Correction due to capillarity^ etc, — As the diameter of 
the tube is smaller than that of the trough, there will be 
some error introduced "by the convexity of the mercury 
surface, the pressure just within the free surface being 
greater than the atmospheric pressure. Barometers which 
are intended for very accurate work, have tubes which are 
so wide, that the error introduced by capillarity is always 
small. The exact amount of the correction to be applied 
depends on various circumstances. Wherever possible, 
the barometer should be compared with a standard in 
which the capillarity correction is eliminated. Errors of 
the scale divisions are often more serious than those due 
to capillarity, and must be specially determined. 

The barometer referred to below has been compared 
with the standard at Kew, and found to require a 
correction of — O'lO mm. on the metre scale, and of 
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— 0*001 inch on the English scale. These corrections 
include that due to capillarity and that due to errors of 
the scale. 

Enter and reduce the observations as follows : — 

Mms. 
Barometer reading observed 
Attached thermometer reading 



Correction due to latitude 

Capillarity and scale correction 
Correction due to temperature — (1) 

(2) + 0-0024 X 7-65 

(3) - 0124 X 2-3 . 

Sum of corrections 
Reduced barometer . 



752-35 



17° -SC. 

Mm. 

+ 0-57 



+ 0-02 



Mm. 
-0-10 
-1-86 

-0-29 



+ 0-59 -2-25 -1-66 



760-7 



The final value is only given to one decimal place, as 
the corrections are not intended to be more accurate. 



SECTION XIII 

Elasticity 

When a body is changed in volume or shape, it is said 
to be strained, the deformation being called a strain. 
Strains are generally produced by forces applied to the 
surfaces of bodies ; the inside portions of the body in that 
case, are kept in a state of strain by internal forces acting 
between adjacent parts of the body. These internal 
forces are called stresses, A stress at any point is 
measured by the intensity of the resultant force per unit 
surface. A unit force distributed uniformly over a unit 
surface would therefore, be a unit stress. 

The relation between the stresses and the strains they 
produce is expressed by Hooke's Law, which states that 
" The stress is proportional to the strain it produces^ This 
law holds for small stresses only, but is sensibly correct 
for deformations within the limits of elasticity, that is 
to say, for stresses which are not sufficiently great to 
produce a permanent deformation of the body. 

If a wire suspended vertically is stretched by weights, 
the strain is measured by the elongation per unit length, 
and the stress by the weight applied per unit cross section. 
If the wire, originally of length L, was stretched until its 
length became L + ?, the elongation would be measured 
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by £. If the weight suspended was P and the area of 

cross section a, the stress would be -. 

As the strain is measured by a ratio of lengths, the 
numerical measure of the strain will be independent 
of the unit of length. This is not the case with the 
numerical measure of the stress. The unit of force varies 
directly as the unit of length adopted, while the unit of 
surface varies as the square of the unit of length ; hence 
the unit of stress will vary inversely as the unit of length. 

According to Hooke's law - is proportional to |- or 

a L 

where M is a constant which is called Young's Modulus. 

The equation assumes that I is small com- 
pared to L. 

The object of the present exercise is to 
illustrate the method by means of which 
Hooke's law may be verified in the case of 
the longitudinal stretching of wires. As 
however in the case of metal wire, the 
stretching is so small that a microscope 
would be required for its measurement, an 
indiarubber band which stretches consider- 
ably is taken. Hooke's law under these cir- 
cumstances cannot be expected to be strictly 
true. Nevertheless the exercise will be a 
useful one as a practice in measurement. 

An indiarubber band about 50 cms. long 
which may be attached to a suitable stand is 
provided (Fig. 21). A scale pan is attached 
to the lower end of the band, and two pins 
are thrust through the indiarubber so that 
the points protrude a little on one side, the 
other ends of the pins being cut off. The 

distance between the points of the two pins, which for 
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convenience may be adjusted to about 40 cms., is the 
length to be measured, while the band is being stretched 
by different weights placed in the pans. In order that 
this distance may be accurately determined, two millimetre 
scales etched on the front of mirror glass are fixed 
to the stand, so that one scale is behind each of the 
pins. 

The positions of the pins are ascertained on the scales, 
parallax being avoided by means of the mirror, and it 
will be most convenient for the purpose, if the scales are 
placed so that the pins move just along the edges of the 
divisions. Both the scales increase downwards, so that 
if Lq is the distance between the zero points, a the reading 
on the upper scale, s that on the lower scale, the distance 
L between the needles will be Z^ + « — «. The quantity 
Lq is found by means of the beam compasses. 

The load should be gradually increased by the repeated 
addition of 50 grams, and then diminished in the same 
way. The results should be entered as follows : 

Lq = distance between zero points of scale = 44*92 cms. 





« = 


«' = 


« 


Distance 




Weight 


Reading 
of upper 


Beading 
of lower 


Lo + i' 


between 
pins = 


A 




pin. 


pin. 




Lo + «'-« 




pan only 


2-65 


•92 


45-84 


4319 


1-75 
1-76 
206 
2-22 
2-55 
2-30 
2-13 
2-04 
1-80 
1-74 


„ +60 grms. 


2-94 


2-96 


47-88 


44-94 


» + 100 „ 


3-28 


6-06 


49-98 


46-70 


» + 150 „ 


3-66 


7-60 


62-42 


48-76 


„ + 200 „ 


4-04 


10-10 


66-02 


60-98 


„ + 260 „ 


4-56 


13-17 


68-09 


63-63 


,, + 200 „ 


417 


10-48 


65-40 


61-23 


,, + 150 „ 


3-76 


7-94 


62-86 


49-10 


„ + 100 „ 


3-39 


6-53 


60-46 


47-06 


„ + 60 „ 


3 03 


3-37 


48-29 


46-26 


pan only 


2-72 


1-32 


4^-24: 


43-62 



F 2 
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Each number under A is the differeuce between the 
two numbers in the preceding column, on the same line, and 
on the line above it, and it will be seen that the addition 
of equal weights produces a greater and greater effect on 
the length of the string as the load increases, the first 
addition of 60 grams only producing an elongation of 
1'75 cms., while the elongation produced by the increase 
of the load from 200 to 250 grams was 2'55 cms. 
Another fact which appears from inspection of the last 
column in the above table, is that for the same load the 
length is slightly larger as the weights are taken oS, than 
it was as they were being added. When the weights 
are entirely removed the string has been permanently 
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Repretent tAe result graphically. — The result of the 
experiments will be rendered more apparent to the eye 
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by plotting the observations, as described in Section III. 
Horizontal distances may be taken to represent the weights 
placed on the pan, while vertical distances indicate in 
cms. the excess of the length of the string, over a length 
somewhat less than the smallest length measured. (By 
length of string is here meant, the length of that part 
of the string which lies between the two pins.) If the 
student^s note-book is divided into squares, it will be found 
convenient to take the length of one side of a square to 
represent an elongation of '5 cms. on the vertical axis, and 
a weight of 10 grams on the horizontal axis (Fig. 22). 
The lines drawn through the points observed are slightly 
curved, which shows that Hooke's law is not strictly true. 
We may however find an approximate value for Young's 
modulus of elasticity for indiarubber when the load is 
small. If r is the radius of the string, wt^ is the area 
of the cross section. An increase of weight of 50 grams 
produced an increase of length from 4:3'19 to 44*94 cms. 

Hence the strain is measured by ^gT^^ = '0403. The 

corresponding stress in grams weight per sq. cm. was 

^ and 2r was measured to be '42 cm. Hence the 

stress = ;;^^ = 363, and Young's Modulus = ^ =^ 9000 

grams per sq. cm. 

Measure the diameter of the indiarubber string by 
means of the screw gauge, and calculate Young's modulus 
as above. 



SECTION XIV 

Boyle's La^' 

Apparatits required. — A closed glass tube connected by 
rubber tubing with a similar open tube, both capable of 
being moved up and down a vertical graduated scale. 

Definition, — ^The law of Robert Boyle, published in 
1662, states that the volume of a mass of gas varies in- 



Pi 



A 



B 



%J 



FiQ. 28. 




Fig. S4. 



versely as the pressure to which it is subjected. Thus con- 
sider the air enclosed by mercury in the shorter limb AB 
(Fig. 23) of the bent tube. If the tap at A is opened the 
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mercury assumes the same level in both tubes. Let now 
the tap be closed. A mass of air of volume which we 
will call V, will be isolated in AB at atmospheric pres- 
sure — i.e. at the pressure corresponding to the height of 
the barometer at the time, which is, let us say, P centi- 
metres. If mercury be now poured down the longer limb, 
until the difference in the levels of the mercury in the two 
tubes (see Fig. 24) is p centimetres, the pressure to which 
the gas is now subjected is P + p, and the volume of gas 
in the tube AB will decrease, becoming equal, say, to V. 
Boyle's Law states that : — 

V'~ P 
or ' VP = V'(P + p), 

which signifies that the product of the volume oj gas and 
the pressure to which it is subjected, is a constant however 
one of the quantities is varied, if the temperature does not 
alter. 

Exercise 

To verify the above Law 

An apparatus by means of which the pressure on a gas 
may be varied at will is necessary. A bent tube, such as 
Fig. 23 would serve the purpose, but as it is difficult to 
keep stopcocks tight, the end A is better closed. The 
apparatus shown in Fig. 25 has been found convenient to 
illustrate the law. A is a closed glass tube connected 
with an open tube B by means of indiarubber tubing. 
Between the glass tubes is a millimetre scale S, on which 
the difference of levels of the mercury columns in the tubes 
may be read off. A and B can be raised or lowered by 
successive steps, by suspending, by means of the hooks 
provided, the boards to which they are attached, from the 
different holes in the stand carrying the vertical metre 
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scale. In this way the pressure to which the gas in the 
closed tube is subjected can be varied. Attached to the 
board carrying the closed tube is a thermometer, on whicli 
the temperature of the air is indicated, and it will be 
assumed that tlie air in the tube AB is at the same 
temperature. In moving the board on 
which A is placed, care should be taken 
to heat the tube with the hand as 
little as possible. 

Before commencing the experiment 
read the barometer. Pla«e the tubes 
A and B about the middle of the stand, 
as shown in the figure. Bead on the 
scale, (a) the position of the top of the 
closed tube A, (6) the level of the mer- 
cury in that tube, and (c) the level of 
the mercury in the open tube B, using 
the T-aquare provided. In each case 
the highest point of the convex surface 
should be read as indicated in Fig. 20. 
The bore of the tube A may be taken to 
be sufficiently uniform to enable the dif- 
ference of the first two readings to be 
taken as proportional to the volume of 
ir in the tube. 

Bead the thermometer attached to 
the board A. Now move the board 
carrying the open tube B to the next 
higher position, and take readings as befora Continue 
raising B, step by step till it is as high as it can he. To 
further increase the pressure to which the gas in A is sub- 
jected, lower A stop by step till it is at its lowest position, 
then raiae it to its middle position, and bring down B to 
the same level. Take readings again in this condition. 

Now lower B so as to take readings of volume under 
diminished pressure, and continue the process till B gets 




SECT. XIV 



BOYLE'S LAW 



73 



to its lowest position. Then begin to raise A, and after 
having taken it to its highest position, bring both A and 
B back to the middle positions, and take readings. 
Record as follows : — 



Barometer 75*26 cms. 


Closed tube. 


Open 

tube. 

Mercury. 


Temp. 


Volume 

of 

Air. 


Dlfifer- 

enceof 

pressure. 


Total 
pressure. 


Product 
of pres- 
sure and 
volume. 


Top. 


Mercury. 


eras. 


cms. 


cms. 








cms. 




1 
61-89 


49-91 


56-97 


19-6 


11-98 


7 06 


82-32 


985 


61-89 


51-00 


65-70 


19-7 


10-89 


14-70 


89-96 


980 


61-89 


51-95 


74-55 


19-8 


9-94 


22-60 


97-86 


973 


61-89 


52-65 


83-55 


19-9 


9-24 


30-90 


10616 


980 


51-90 
















41-89 
















31-91 


24-55 


81-16 


20-2 


7-36 


36-61 


131-87 


972 


41-90 
















51-90 
















61-89 


&c. 














61-89 


49-92 


56-98 


20-9 


11-97 


7-06 


82-32 


984 


61-89 


47-43 


40-25 


20-9 


14-46 


7-18 


68-08 


983 


61-89 


45-90 


32-10 


21-0 


15-99 


13-80 


61-46 


983 


81-87 


59-49 


28-57 




22-38 


30-98 


44-28 


989 


61-89 


69-91 


36-97 


21-2 


11-98 


7-06 


82-32 


985 



It is seen that the errors of observation render the 
result doubtful to about 2 per cent., which is probably due 
to the difficulty of measuring the volume correctly. 
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SECTION XV 

Determination of the Freezing and Boiling Points 

on a Thermometer 

Apparatus required. — Two thermometers, a freezing 
point can, and a boiling point tube. 

The object of these exercises is to test the indications of 
two thermometers at the temperatures of melting ice and 
of boiling water. 

Exercise I 

Determination of the Freezing Point 

A tin canister, perforated at the bottom (Fig. 26), is 
provided. This vessel is to be filled with small pieces of 
ice, the smaller the better, and a small can placed under- 
neath so as to receive the water drained off the melting 
ice. The surface of the ice should be level with the edge 
of the vessel. With the help of a rod, which has a cross 
section equal to that of the thermometer bulb, make a 
vertical hole in the ice underneath the spring clip fixed to 
the can, which is intended to hold the thermometer. The 
hole should be of such a length that when the bulb is in- 
serted so as to reach the bottom of it, the scale division 
marking the freezing point is at the level of the top of the 
canister. The thermometer is now carefully inserted into 



78 



INTERMEDIATE PRACTICAL PHYSICS part m 



the opening made. If the eye is placed in such a position 
(Fig. 27) that the top of the can is foreshortened into a 
straight line, the freezing point should just be visible. 
Tap the thermometer lightly with a pencil and read the 
indication of the thermometer when it has become quite 
steady, estimating to tenths of a degree. If the ther- 
mometer stands vertical, while the line of sight is horizontal, 
errors due to parallax are avoided. 




^ 



Pia. 26. 



Fio. 27. 



The correction of a thermometer at a given temperature 
is that number which has to he added to the reading to get 
the true tem,j>erature. 

Hence, if a Centigrade thermometer reads 0**'3 when 
placed in melting ice, which has a temperature of 0° C, 
the correction is — 0°'3. 

Two thermometers are provided, one of which is divided 
according to the Centigrade, and the other according to 
the Fahrenheit scale. Determine the correction for each 
at the freezing point, and record as follows : — 



Fahrenheit, No, 7. 



Observed freezing point . 
Correction at freezing point 
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DETERMINATION OF BOILING POINT 



DeterminatioQ of the Boiling Point 



» given thermometer 
reasons, a little more 



The determination of the t 
at the boiling point is, for 
complicated than the corresponding task of finding the 
error at the freezing point. It ia on this account that the 
determination of the freezing point has been carried out 
before that of the boiling point, although the reverse order 
ia the one adopted in accurate thermometry. 




The boiling point cannot be determined by placing the 
thermometer in boiling water, as the temperature of 
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boiling is affected by impurities in the water. The steam 
escaping from the water is found, however, always to have 
the same temperature, as long as ike barometric pressure 
remains the same. The apparatus with thermometer 
inserted is shown in Fig. 28, and its inner construction 
will be clear from Fig. 29 where the arrows indicate 
the course of the steam. The steam rising from the 
boiling water passes through the cylindrical tube into 
which the thermometer is inserted, and then through an 
outer jacket, the object of which is to protect the inner 
vessel against the cooling action of the atmosphere. It is 
important that the pressure of the steam in contact with 
the thermometer bulb should be known. If the opening 
through which the steam escapes is moderately wide, 
the pressure will be sufficiently near the atmospheric 
pressure to be taken as equal to it ; but when great 
accuracy is required, the apparatus is provided with a 
manometer to determine the pressure in the inner tube. 

Before proceeding to find the error of the thermometer 
at the boiling point, the temperature at which water boils 
under existing circumstances must be calculated. 

On the Centigrade scale, 100° is defined as the tempera- 
ture of the steam arising from water boiling under the 
barometric pressure of 76 cms. of mercury, at the sea 
level in the latitude of 45°, the mercury being at the 
temperature of freezing water. 

On the Fahrenheit scale, 212° is defined to be the tem- 
perature of the steam arising from water boiling under a 
barometric pressure of 29*905 inches at the sea level in 
the latitude of London, the mercury being at the freezing 
point. 

The two pressures, one indicated by a barometric 
height of 76 cms. at latitude 45°, the other by a height 
of 29*905 inches at Greenwich, are not identical, because 
76 cms. is equal to 29*922 inches, and because the gravita- 
tional constant is not quite the same in the two places 
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owing to the difference in latitude. They may however 
be considered equal, unless the temperature of boiling water 
is required to within 0°'01 C. 

If the barometric pressure is known, the boiling point 
may be calculated from the experimental fact that a 
difference of 1 cm. pressure of mercury produces approxi- 
mately a difference of 0°*37 C. or 0°*66 F. in the boiling 
point ; the boiling point being raised by an increase, and 
lowered by a decrease of pressure. 

This rule will give the boiling point correct to 0°*02 C, 
for pressures varying between 73 and 80 cms. If the 
barometer stands below 73 cms. — as, for instance, when 
the place of observation is considerably above the sea 
level — ^tables which give the relation between the boiling 
point and the barometric pressure should be consulted. 



The boiling points on the two thermometers should now 
be found as follows : — 

(1) Insert carefully one of the thermometers into the 
apparatus (Fig. 28), so that the nominal boiling point is 
about one or two divisions above the cork which supports 
the thermometer, and wait till the water boils. 

(2) While the thermometer is taking up its final tem- 
perature, read the barometer according to the instructions 
given in Section XII., applying the corrections. 

(3) Watch the thermometer for two or three minutes 
after it has apparently stopped rising. When its indica- 
tion has become steady, read off to 0°'l the indicated 
temperature. If the thread does not appear above the 
cork, the thermometer must be slightly raised, and a final 
adjustment may be made, so as to bring the end of the 
thread just into sight; this will make no appreciable 
difference in the reading. 

G 
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(4) Make corresponding observations with the other 
thermometer, reading the barometer once more to check 
the previous result. 

The results are reduced and entered as follows : — 



Normal height of Barometer 
Observed Height corrected . 



76 00 cms. 
75-07 „ 



Difference 0*93 cms. 

Corresponding Depression of Boiling Point, Fahr. O'*^ 
„ ,, ,, Cent. 0°'4 



Fahrenheit, No. 7. 





Freezing 
point. 


Boiling point at 
75*07 cms. pressure. 


True value .... 
Observed value 


32** 

3r-8 

+ 0''-2 


2ir-4 

212''-4 


Corrections .... 


- ro 



True value 
Observed value 



Corrections . 



Centigrade^ No. 7. 



Freezing 
point. 



0" 
O^^O 



+ o°-o 



Boiling point at 
75 07 cms. pressure. 



99° -6 
100° -5 



-O^^ 



SECTION XVI 

Correction and Comparison of Thermometers 

Apparatus required. — Two thermometers, the errors of 
which at the freezing and boiling points are known, and a 
vessel for heating water. 

In this exercise the indications of the two thermometers, 
for which the corrections at the freezing and boiling points 
have been previously determined, are to be corrected and 
compared at intermediate temperatures. 

Take one of the brass cans, supported on legs which raise 
it to a suitable height for heating over a Bunsen burner, 
and fill it with tap water, having a temperature probably 
lower than that of the room. Hold the two thermometers, 
which are to be compared, together in the left hand, 
with their bulbs immersed, and with the help of a stirrer 
held in the right hand, bring the water to a uniform 
temperature. Read off the indicated temperatures. 

Heat the water by means of a burner placed under the 
can, until the temperature is about 20° C. Remove or turn 
down the burner, and after thoroughly stirring the water, read 
the thermometers. Repeat the observations at temperatures 
of about 30° C, 40°, and 50° C. At the higher tempera- 
tures, the burner should be turned down and left under the 
can, in order to keep the temperature of the water constant 

G 2 
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for a minute before the thermometers are read. The stirrer 
must be used continuously but not violently. 

Convert the Fahrenheit readings into readings on the 
Centigrade scale, and tabulate as follows : — 



Fahrenheit 


Centigrade 


F. reduced to 


Difference 


No. 7. 


No. 7. 


C. 


C-F. 


60" -2 


15°-6 


15° -7 


-O**! 


73-7 


22-9 


23 -2 


- -3 


88 -3 


30 -9 


31 -3 


- -4 


102 -1 


38-5 


38-9 


- -4 


121 -6 


49-5 


49-7 


- -2 



The errors to which a thermometer is liable, may be 
classified under three heads : — 

(1) Errors in the freezing and boiling points. 

(2) Errors due to the inequality of the bore of the 
thermometer tube. 

(3) Errors of graduation. 

The magnitudes of the errors in the boiling and 
freezing points, are easily determined, as shown in the 
previous exercise. Errors due to inequality of the bore 
may be corrected by a proper graduation of the tube. If 
the bore of the thermometer tube had the same width 
throughout, the maker would simply have to divide the 
distance between the freezing and normal boiling points 
into 100 (or 180) parts, to get a correct scale of tempera- 
ture ; but a little reflection will show that wherever the 
I)ore is narrower, the degrees should be further apart, 
if an equal number of degrees is to correspond everywhere 
to an equal increase of volume of the mercury. In 
thermometers int^udod to read correctly to a small frac« 
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tion of a degree, the stem, before being graduated, is 
" calibrated " ; that is to say, the width of the bore is 
compared by measuring the length of the same thread 
of mercury at different places. But even then errors of 
graduation occur, through the divisions not being placed 
exactly where they should be. In the thermometers 
provided, the divisions are equal in length, and errors due to 
inequality of the bore may therefore exist. It is 
required to find how much of the observed difference 
between the Centigrade and Fahrenheit thermometers, 
is due to the errors in the freezing and boiling points, 
which are known, and how much to inequalities in the bores 
of the tubes. 

We correct, in the first place, the readings of the thermo- 
meters for the known errors, by the following graphical 
method : — 

Turn the note-book in which results are recorded, so that 
the longer side of the page goes from left to right. Let 
horizontal lines represent degrees on the thermometer, and 
vertical lines the corrections to be applied to the readings. 
As the corrections may be either positive or negative, draw 
the horizontal axis half way up the page. Next fix the 
scales. If the note-book contains thirty lines in the direc- 
tion of its shorter side, it will be possible to represent 
the whole range from freezing to boiling' water on a 
Fahrenheit scale, if each division is taken to equal 6°. 
Hence if the " origin " which is the point of intersection 
of the horizontal and vertical axes, is taken to correspond 
to 32°, the next corner of the square on the horizontal axis 
will correspond to 38°, and so on. The scale of corrections 
is conveniently chosen so that the side of each square 
represents 0°'l. In the example given in the preceding 
section, the Fahrenheit thermometer No. 7 reads 31°*8 at 
the freezing point, and 212°'4 when it should have read 
211°'4. Take a point therefore in the horizontal axis 
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corresponding to 31°'8 (this will be a little to the left of 
the vertical axis), and pass vertically upwards to the 
second division, which represents the correction + 0°*2. 
Similarly at the point corresponding to 212°'4, go down 
vertically to the tenth line, which represents an error of 
— 1°'0. If the two points are now joined by a straight 
line, the correction at any other reading is equal to the 
length of the perpendicular, from the point representing that 
reading, to the line which represents the corrections. The 
point of intersection of the straight line with the horizontal 
axis, gives the temperature (about 62°), at which the thermo- 
meter reads correctly. 

A similar line should now be obtained for the Centigrade 
thermometer. Here the origin may conveniently be called 
0°, and the horizontal side of each square may represent 4°. 



Determine in this way all the corrections to the original 
readings, and construct a table as follows : — 



FAHRENHEIT, No. 7. 


CENTIGRADE 


, No. 7. 


Corrected 

F. 

reduced 

toC. 


Differ- 
ence 
C-F. 


! Ob- 
! served. 

! 


Correc- 
tion. 


Cor- 
rected. 


Ob- 
served. 


Correc- 
tion. 


Cor- 
reeled. 


3r-8 


+ 0°-2 


32''0 


0' 


O'' 


0" 


O'' 


±0"-0 


60-2 


- -0 


60-2 


15-6 


+ -1 


15-7 


15-7 


+ -0 


73-7 


- -1 


73-6 


22-9 


+ 1 


23 


23-1 


- 1 


88-3 


- -2 


88-1 


30-9 


+ •1 


310 


31-2 


- -2 


1021 


- -3 


101-8 


38-5 


+ -2 


38-7 


38-8 


- -1 


121-6 


- -4 


121-2 


49-5 


+ -2 


49-7 


49-6 


+ -1 


212-4 


- 1-0 


211-4 


99-2 


+ •4 


99-6 


99-6 


±0-0 



The difference between the two thermometers is, as the 
table shows, reduced almost to the errors of observation, 
and the principal source of the difference between the un- 
corrected readings of the two, is therefore to be found in 
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the somewhat large error of the Fahrenheit thermometer. 
As far as these observations go, they do not point to any 
serious errors of calibration. 

When a thermometer is raised to a high temperature, 
and then quickly cooled, the bulb does not contract at 
once to its full extent, but a slow change is found to go 
on for a considerable time. In consequence of this, ther- 
mometers which have been heated considerably in the 
process of manufacture, often show a gradual rise of their 
freezing points for years afterwards. It has been found 
that thermometers, which after being raised to a high 
temperature, are cooled very slowly, do not show this 
alteration in their freezing point, and the best thermo- 
meters are now treated in this manner. Such thermometers, 
however, show still a temporary lowering of the freezing 
point, after being heated to the temperature of boiling 
water. The extent of this lowering depends on the 
nature of the glass, and must be determined, if tempera- 
tures are to be measured correctly to less than a tenth 
of a degree. 

Clinical thermometers, which are still often made of a 
kind of glass which produces a large variation of the zero 
point, should be tested from time to time, if they are 
required to indicate the temperature accurately. 

Example. — A clinical thermometer has been tested and 
found to have a correction of +0°*3 at 95° F. and — 0°'2 
at 105° F. Assuming that the bore of the tube is 
uniform, what is the correction at 98° F. ? 
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Apparatus required. — Calorimeter, two Centigrade ther- 
mometers, and a small flask. 

An apparatus used for measuring quantities of heat is 
called a calorimeter. The calorimeter used in 
the present exercise, consists of a small vessel 
made of sheet copper, supported on corks and 
placed inside a larger vessel (Fig. 30), which 
protects it against irregular changes of tem- 

nperature due to air currents, and to some 
extent from loss of heat due to radiation 
and conduction to the air. Quantities of 
heat are measured by the increase of tem- 
perature of a known mass of water, placed 
inside the calorimeter. As the successful 
handling of a calorimeter requires some skill, 
we begin with the simple exercise of mixing 
known quantities of hot and cold water, 
and determining the temperature of the 
mixture. 




Fio. SO. 
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Exercise 

If a quantity M of warm water at a temperature T, be 
mixed with a quantity m of colder water at a temperature 
t, and if be the temperature of the mixture, the mass 
M of warm water has lost a quantity of heat which 
is expressed numerically in gram-degrees by M(T— ^), 
while the cold water has gained an amount of heat 
m{6 — t), and if there has been no other gain or loss of 
heat, these quantities must be equal. Hence 

M(T - e) = w(e - 0- . . . (1) 

from which equation can be calculated. 

It has been assumed that the quantity of heat required 
to raise a certain mass of water through one degree, is the 
same whatever the temperature, and this is not strictly 
true ; but to the degree of accuracy attainable in ordinary 
calorimetrical experiments, the error thus introduced does 
not affect the result. 

It is required to find how far the value determined 
from equation (1), agrees with that found by observation. 
The experiment is carried out as follows : — 

1. Two thermometers are used, one to observe the 
temperature of the hot water, the other that of the cold 
water in the calorimeter. It is important to determine 
the difference of the indications of the two thermometers 
when at the same temperature. The hot water in the 
experiment will be heated to about 50°, and the thermo- 
meters should be compared at that temperature. Mil with 
warm water one of the vessels used in the comparison 
of thermometers, adjust the temperature to about 50° C, 
place both thermometers inside, stir the water well, and 
read the temperatures indicated. 
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Note the difference thus : — 



Thermometer No. 47 . . . 52° "4 



Diflference No. 47— No. 24 = -1 



2. With the help of a burette, measure out 50 cc. of 
water into the calorimeter. In using the burette, errors 
may be introduced if some of the water measured does 
not enter the calorimeter, but remains in the space 
between the stopcock and the opening at the bottom. 
This can be avoided by first filling the burette above the 
mark 50, and then by a careful handling of the stopcock 
letting water flow out, until the water level is exactly 
at 50. The space below the stopcock should now be full 
of water. The burette being placed above the calorimeter, 
water is allowed to flow out until the zero mark is 
reached. The space in question being in the same state 
as before, the burette will indicate correctly the volume 
which has entered the calorimeter. Place one of the 
thermometers in the water in the calorimeter. 

3. Measure out 50 cc. of water into a two-ounce flask, 
introduce the second thermometer, and heat slowly on a 
retort stand over a small Bunsen burner. 

4. While the water in the flask is heating, stir the 
water in the calorimeter, and see that its temperature is 
steady. 

5. When the warm water is at about 50°, remove the 
flame, stir carefully, but thoroughly, with the thermo- 
meter, watching the latter all the time. 

6. Read and note the temperature of the water in 
the calorimeter, then the temperature of the warm water 
in the flask, reading to yV^^ degree, then take the ther- 



SBCT. XVII SPECIFIC HEAT 91 

mometer out of the flask, shake the water adhering to 
it back into the flask, and pour the water quickly into the 
calorimeter. 

7. Stir the water in the calorimeter and watch the 
thermometer closely as it rises ; read to xV^^ degree 
the highest temperature it reaches. 

8. There will be some water left in the flask ; this must 
be measured approximately with the help of the burette. 

The success of the experiment will depend on the quick- 
ness with which it is performed; and a first trial will 
probably not give a satisfactory result. In that case 
repeat the experiment, but work out all the results, 
whether they seem satisfactory or not, making a note, 
however, of the reason why a particular experiment is not 
considered trustworthy. As the hot water must be poured 
into the calorimeter directly the thermometer is read 
and taken out, no time is left to put the reading down 
on paper until the final temperature has also been read 
off. As the experiment will be spoiled if the temperature 
of the warm water is not correctly recorded, proceed 
9.S follows. First read and record the whole number 
of degrees indicated by the thermometer in the hot water, 
leaving the decimal place open. The temperature will only 
vary a few tenths of a degree while this is done. Then 
read the decimal place and empty the flask. The decimal 
is easily remembered until time is found to write it 
down. 

Calculate by equation (1) what the temperature 6 of 
the mixture ought to be, and record as follows : — 

Calorimeter used No. 6 ; Burette, No. 10. 

Thermometer in warm water, No. 47. 
„ „ calorimeter, No. 24. 

Mass of warm water measured out .... 50 grams. 
,, ,, left in flask .... 0*5 „ 
,, ,, used (M) 49*5 ,, 
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Temperature of warm water observed on No. 47 . 52** '3 C. 

„ ,, reduced to No. 24 (T) . 52'-2 

Mass of water in calorimeter (m) . . . .50 grams. 
Temperature of water in calorimeter (0 • • 17° "2 C. 

„ ,, mixture observed .... SS^'O 

calculated'(0) . . . 34*''6 



ft )> >> 



The difference between the observed and calculated 
values is due to three causes, all tending to make the 
observed temperature smaller than the calculated one. In 
the first place, the warm water is cooled by contact with 
the air while it is being poured into the calorimeter. If 
the water does not fill the flask in which it is heated, it 
will also be cooled as it flows out of the neck, which will 
be at a lower temperature. Secondly, the heat that 
enters the calorimeter heats not only the water in it, but 
also the calorimeter, the stirrer, and the thermometer. 
Thirdly, the calorimeter loses part of its heat by radiation 
and conduction to the air. 

We may easily form an idea of the magnitude of the 
effect produced by the second cause. If w is the weight 
of the calorimeter and c its specific heat, then wc is its 
thermal capacity, or, as it is called, its " water equivalent." 
The specific heat of copper is nearly '1 ; the weight of the 
calorimeter and stirrer in the above example was 21 grms., 
neglecting the weight of the cork feet ; hence the water 
equivalent is 2*1 grms. ; the water equivalent of the 
thermometer is approximately "5 grms. The thermal 
capacity of the calorimeter and accessories is therefore 
2*6 grms. This should be added to the mass of water in 
the calorimeter, in order to get the full capacity (m) of the 
matter heated. 

Repeat the calculation, taking account of the water 
equivalent of the calorimeter and accessories, and perform 
another experiment, using about 75 grams of water in the 
calorimeter. Tabulate the results of the two experiments 
as follows : — 
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1 

M 


m 


T 


t 


tf (cal- 
culated). 


« (ob- 
served). 


Differ- 
ence. 


49-5 
49-4 


52-6 

80-5 


52° -2 
54° -9 


IT '2 
15°-5 


34° -2 
30** -4 


33" -9 
30" -2 


0"-3 
0"-2 



It will be seen that by taking into account the water 
equivalents of calorimeter and thermometer, the difference 
has been reduced to about one half its previous value. 
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Specific Heat. II. — ^Water Equivalents 

Apparatus required. — Calorimeter, two Centigrade ther- 
mometers, and a flask. 

Exercise I 

To find the Water Equivalent of a Calorimeter 

This can be done to a sufficient degree of accuracy by 
pouring some warm water, the temperature of which has 
been observed, into the empty calorimeter and noting 
the fall of temperature of the water. First weigh the 
calorimeter and stirrer, then place a thermometer in 
the calorimeter, and observe the temperature t Fill 
with water the flask provided, and heat it to a tem- 
perature T about 35° C. Place a thermometer in the 
flask, and use carefully as a stirrer. When the warm 
water has the required temperature remove the flame 
and stir the water well. As soon as the temperature 
is steady, pour the water quickly, but carefully, from 
the flask into the calorimeter, which it should fill to about 
one-third of its full contents. Keep the thermometer in 
the flask with one hand, while the water is being poured 
out, and then put it quickly into the calorimeter. It will 
be seen to fall rapidly through a small range until its 
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temperature is 6, The fall is due to the calorimeter 
and stirrer taking up from the water, which should 
be kept stirred all the time, an amount of heat, which is 
equal to z^ (^ — <), where w is the water equivalent of the 
calorimeter and stirrer. After the first rapid fall, the tem- 
perature will diminish owing to radiation and conduction, 
and in order that this cooling should be slow, and therefore 
easily distinguished from the first rapid fall, which alone 
concerns us, the temperature of the warm water should not 
be higher than about 35°. The amount of water poured into 
the calorimeter is regulated by the fact that the smaller 
the quantity, the greater the fall of temperature, and 
therefore the more accurate the experiment ; on the other 
hand, the quantity of water when in the calorimeter must 
be*sufficient to cover the thermometer bulb completely. 
Also the parts of the calorimeter not in direct contact with 
the water should be heated by conduction to the tempera- 
ture of the water ; and, as they are at the same time cooled 
by contact with the air, errors will be introduced if a 
very large portion of the calorimeter is not in contact with 
the water. With the apparatus provided, it will be found 
that a quantity of water filling the calorimeter to one- 
third or half its full contents, will give sufficiently accurate 
results. 

At the end of the experiment, weigh the calorimeter 
with the water it contains. Since the weight of the 
calorimeter has been previously determined, the mass of 
water (M) is thus ascertained. The heat given up by this 
mass is M(T — 6\ hence 

w;(e - = M(T - e), 
or the water equivalent w = M(T — &)\{Q — <)• 

Record as follows : — 

Calorimeter used No. 6 ; Thermometer No. 24. 

Temperature of calorimeter {t) 17''*2 C. 

warm water (T) 34** '8 
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Temperature of water after introduction into calori- 
meter (0) 34*'-2 

Mass of calorimeter and water 76 "5 grams. 

,, calorimeter 19*7 ,, 

„ water used (M) 56'8 ,, 

Water equivalent w deduced from experiment . . 2*0 ,, 

„ „ „ „ weight . . . 1-97 „ 



The value deduced from observations, may be checked by 
calculating the water equivalent from the weight of the 
calorimeter, and the specific heat of copper, which is about 
•1. This gives 1*97, a number which agrees, within the 
errors of experiment, with the observed value. 

Exercise II 

To find the Water Equivalent of a Thermometer 

Fill the calorimeter with sufficient water to cover the bulb 
of a thermometer placed inside it so as just not to touch 
the bottom. The quantity of water should either be 
measured by means of a burette, or determined by weighing 
the calorimeter when empty, and with the water in it. 
The thermometer placed within the calorimeter serves to 
record its temperature. The thermometer, the water 
equivalent of which is to be determined, is carefully heated 
in a vessel of water to about 80° C, then taken out, and 
after its bulb has been dried with a cloth, immersed in 
the water of the calorimeter. Its temperature is noted 
just before immersion, and the rise of the temperature of 
the water is observed on the thermometer which stands 
in the calorimeter. The student should write down the 
equation giving the water equivalent w, in terms of T the 
temperature of the thermometer, t the initial, the final 
temperature of the calorimeter, M the total water, i.e. 
the water in the calorimeter and the water equivalent 
of the calorimeter, heated, and from the observations 
calculate the water equivalent. 
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Record aa follows : — ft^^ •'■-^4'* 

Calorimeter No. 6. ftlf,^^ 

Thermometer in calorimeter No 24. 
Witter equivalent thermometer No''^ 

Temperature of calorimeter (*) 1" ■I C 

Moss of water in calorimeter . 'S ttjiib 

Water equivalent of calorimeter 'H 

Total water equivalent (M) ^^ _. 
Temperature of heated thermometer (T) T 

Final temperature of calonmeter |fl| IS i'U 
Water equivalent of tfllnnomeler ijts.u 



SECTION XIX 

Specific Heat. III. — Determination of Specific 
Heats by the Method of Mixtures 

Apparatus required, — Calorimeter, heater, and two 
thermometers. 

The exercise in this section consists in finding the 
specific heat C of a soHd, by heating up a known quantity 
M to a temperature T, and quickly immersing it in a mass 
m of a liquid, the specific heat of which is c. If t is the 
original temperature of the liquid, w the water equivalent 
of the calorimeter and thermometer, and 6 the temperature 
of the mixture, then, equating the quantity of heat lost by 
the hot body to that gained by the calorimeter, we have 

C . M(T " e) = {c,m + w){e -t). 

This equation shows us that if the specific heat of either 
the solid or the liquid is known, that of the other can be 
found by the above method. 

In the following exercise the speciEc heat of marble is 
found by mixing it with water the specific heat of which 
|§ J, Putting c=: 1 in the above equ?ttion we fin^ 
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An apparatus is provided, in which the marble can be 
heated to a temperature near the boiling point of water. 
The marble is placed in a tube A (Fig. 31), which by 
means of a cork P is fitted into an outer vessel K, con- 
taining water. The cork should be taken out to see 
that the outer tube is about one-third full of water, then 
replaced. 




Fio. 8L 



Fia. 82. 



When the water is heated the steam escapes through a 
tube B which should be of such form and length, that 
when the vessel is tilted, as in Fig. 32, so as to deliver its 
contents into the calorimeter, no water escapes. Test this 
before commencing the experiment, then proceed 
follows : — 



as 



1. Weigh out suflBcient marble to fill the inner tube of 
the heater about two-thirds full, and insert the thermometer 
60 that its bulb is in the. middle of the marble, 

2. Place the beater on a retort stand and light the 

SuQseo buroer, Fl&ge A c^u under the end of the bent 

n S 



100 
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tube to catch any water coming from it. Lower the flame 
so as to keep the water just boiling, while the rest of the 
preparations are being made. 

3. Measure out 1 00 cc. of water with the burette into 
th^ calorimeter, and place in it a thermometer. Observe 
the temperature and see that it is steady. 

4. When the water in the heater has been boiling for 
some time, the temperature of the thermometer in the 
marble will be found to keep steady somewhere about 99** 
or 100° C (possibly if the barometer is very high, slightly 
above 100° C). When this is the case read it, and read 
finally the temperature of the calorimeter, then take the 
heater off the stand with the help of the baize wrapped 
round it, and quickly empty the marble into the calori- 
meter. The heater should be kept as short a time as 
possible in the neighbourhood of the calorimeter, as it will 
heat that vessel by r^idiation. 

5. Stir the water in the calorimeter well, and read the 
temperature to which the thermometer rises. 

6. Enter and reduce the observations as in the following 
example of a determination of the specific heat of iron. 



Calorimeter used, No. 6. 

Thermometer in Heater No. 35 

,, „ Calorimeter No. 43 



Mass of iron borings (M) .... 

Mass of water in calorimeter (m) 

Water equivalent of calorimeter and thermo 

meter (previously determined) . 

Total water heated 

Temperature of iron (T) .... 

,, ,, calorimeter {t) 

,, ,, mixture {&) . 

Specific Heat of iron calculated 



50 grams 


92-2,, 


6-0 „ 


97-2 „ 


99"'! C 


18" -2 


22''-8 


•117 






If C 
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Note. — Instead of first weighing out the marble and measuring 
the quantity of water used by means of the burette, . we might 
first weigh the calorimeter empty, then when filled with a con- 
venient quantity of water, and finally at the end of the experiment 
when it contains both water and marble. From these observations 
the masses of water and marble can easily be determined. 

As regards the precautions to be taken and the accuracy 
to be expected, we remark that the rise of temperature 
in the above example was 4°*6 C. An error of reading of 
one-tenth of a degree would therefore produce an error of 
2 per cent, in the calculated specific heat. This, then, is 
the accuracy at which we might reasonably aim. The dif- 
ference of temperature recorded by the theimometer will 
be correct to that extent, that is to say, we need not take 
into account the errors of the thermometer at 0° and at 
100°. Similarly the thermometer in the heater will not, 
as a rule, show an error of as much as 1° near the boiling 
point. If, in the above example, the temperature of the 
iron had been 100° instead of 99°'l as indicated by the 
thermometer, an error of about 1*5 per cent, would have 
resulted, as the iron would have cooled through 77°'2 
instead of 76°'3, as assumed. If the error of the thermo- 
meter at the boiling point is known, it may be taken, into 
account, but other errors will probably exceed it. The 
weights should be correct to less than 1 per cent., that is 
to say, to about half a gram. No account has been 
taken of the loss of heat from the calorimeter by radiation, 
which takes plarce after the marble has been introduced 
and before the temperature is measured. On the other 
hand, there is a gain of heat by radiation from the heater, 
which may counterbalance this loss. 
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Latent Heats 

Apparatus required. — Calorimeier, thermomefcer, ice, 
flask, delivery tube, and condenser. 

When a substance is to be converted from the solid into 
the liquid, or from the liquid into the gaseous state, a 
certain amount of heat has to be supplied to the substance, 
which produces no change of temperature. This amount 
of heat is called the Latent Heat of fusion or of evapora- 
tion respectively. 

In either case it is generally found by passing the sub- 
stance in its hotter state into a cool calorimeter, the 
temperature of which is raised in consequence. From 
the increase of temperature of the calorimeter the amount 
of heat imparted to it may be calculated. This amount 
of heat has been given up by the hot substance in changing 
its state, and in further cooling to the final temperature 
of the calorimeter. If the specific heat of the substance 
is known, the second portion of this heat can be calcu- 
lated, and the Latent Heat, which is the first portion, may 
be found by subtraction. 

Exercise I 

DeterminatioD of the Latent Heat of Fusion of 
Ice or Latent Heat of Water 

In this case the usual process is reversed, and the ice at 
0^ C. introduced into a calorimeter containing water at 
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the temperature of the room. In consequence of the heat 
absorbed by the ice in melting, the temperature of the 
water in the calorimeter falls. 

Weigh the calorimeter provided, and place in it sufficient 
water at about 20*' C. to fill it to within about 1 cm. of the 
top. Weigh again to find the water contained. Place 
a thermometer in the water and record its reading. Select 
a piece of ice about 5 grams in weight from the ice pro- 
vided, dry it with blotting paper, and place it, without 
touching it with the fingers, in the calorimeter. Move it 
about in the water by means of the stirrer, keeping it all 
the time under water. 

Take readings of the thermometer every half-minute till 
the temperature ceases falling and begins to rise. 

Weigh the calorimeter and contents again. 

If M is the mass of ice at 0* C, 
L ,, latent heat of water, 
m ,, mass of water in the calorimeter, 
t „ initial temperature of calorimeter, 
e „ final „ „ ,, 

w „ water equivalent of calorimeter and thermometer. 



the heat lost by the calorimeter 

= {m + lo) (t - 0) 
and the heat gained by the ice 

= M . L + M . a. 

These two amounts of heat must be equal. 

Hence 

T _ {m + w){t - 0) - M0 
M * 

Record as follows : — 

Weight of calorimeter =55 grams. 

,, ,, „ and water . . . 217 „ 

,, ,, water (m) 162 ,, 

,, ,, calorimeter and contents at end . 221 ,, 

„ ,, ice added (M) .... =4 ,, 
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Water eqnivbleiit of c&lorimeter [w) . . =5'5 grain& 

Initial temperature («) 10°-* C, 

Final temperature (9) 8<'-3 G 

Latent heat of fuBion of ice or Ut«nt heat of\ _i-a.n 

water j^ -7»o 

EXERCISB II 

X>dtertnination of the Latent Heat of Evaporation 
of Water or Latent Heat of Steam 

Weigh the calorimeter, stirrer, and condensing vessel 
provided, then fill the calorimeter to within 2 cms. of the 
top with water at the temperature of the room, and weigh 




Test whetner the flask and delivery tube can 
arranged aa shown in Fig. 33. Boil the water in t 
flask gently, the steam being allowed to escape into the a 
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Observe the temperature of the water in the calorimeter, 
and at a given instant to be noted, place the calorimeter 
in position, inserting the end of the delivery tube into the 
top of the tube of the condenser. The steam condenses 
and the water in the calorimeter rises in temperature. 
Observe the thermometer every half-minute, keeping the 
water well stirred, and when the temperature reaches 25° C. 
remove the delivery tube from the condenser. 

Observe the temperature of the calorimeter every half 
minute for 2 minutes after the highest temperature has 
been reached, ^en weigh the calorimeter and contents 
again. 

Write down the equation to determine the Latent Heat 
of steam, using the symbols L, w, t, &c., with the meanings 
given below. 

Tabulate the observations as follows : — 



First Experiment. 



31» 30n»-5 
3i»33n»-5 
34ni 
34«»-5 
35 
35-5 
36 



16° '6 steam on 
29'*-5 steam off 

sr 

30" -7 
SO"' -6 
30° -4 
30°-3 



4h 25»»-5 

4h 27™ *5 
28™ 
28™ -5 
29 
29-5 
30 
30-5 



Second Experiment. 



Weight of calorimeter empty 

and water 



a 



>> 



>> 



First 
Experiment. 

gTAms. 

94-2 

201-5 

107-3 



Hence mass of water {m) . 

Weight of calorimeter and water 

after condensation of steam . . 204*4 

Hence mass of steam condensed {M) . 2*9 
Water equivalent of calorimeter and 

condenser {w) 9*4 

Total water equivalents . . . 116*7 

Initial temperature of calorimeter [t) 16° '6 

Highest temperature of calorimeter \d) 31° '0 
Hence latent heat L of steam at 100° C. 

(uncorrected for cooling) . . 510 



13° 
31° 
33° 
33° 
33° 
32° 
32° 
32° 



steam on 

7 steam off 

1 

3 

•0 

'8 

5 

3 



Second 
Experiment. 

grams. 

95 
193*1 

98*1 

196*7 
3*6 

9-5 
107*6 
13°*0 
33°*3 

531 
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Students will notice th^t the temperature continues to rise 
a little after the steam is cut off. This is due to the fact, 
that it takes some time for the temperature of the water 
in the condenser to become equal to that of the water 
in the calorimeter. 

It is necessary to point out some sources of error to 
which these experiments are liable, and for which no 
allowance has been made. In the first place it was as- 
sumed in the calculation that the steam condensed at 
100° C, and unless the barometer stands exactly at 76 cms. 
this will not be correct. Since however a change of 
three* centimetres in the height of the barometer 
will only change the calculated value of the latent 
heat by one unit, and other probable errors cause much 
larger differences, it is not necessary in an experiment 
of this kind, which does not lay claim to great accuracy, 
to take account of the variations of the boiling point of 
water due to changes of pressure. 

A considerable error is introduced by the assumption 
that the heat which enters the calorimeter, all serves to 
heat up the water, and that none escapes by radiation, 
conduction, and convection. 

In accurate calorimetric experiments a so-called " cooling 
correction" has to be made, and this correction, when 
applied to the final readings of the thermometer, gives 
the temperature which would have been observed, if all the 
heat had been retained in the calorimeter. The methods 
of finding and applying this correction are outside the 
range of this book, but we shall in the present instance, 
show how a rough estimate of it may be made. It 
is for this purpose that students have been instructed to 
read the thermometer after it has reached its maximum. 
Referring back to the examples given, it will be found 
that in the first experiment the thermometer fell 0°'7 
during the next two minutes after reaching its highest point. 
This fall indicates that the amount of heat lost by 
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the calorimeter owing to convection, <fec., was sufficient 
to lower its temperature 0°'7 in two minutes. The 
interval of time between the introduction of steam, and the 
thermometer reaching its highest reading, was 3^ minutes, 
and if during the whole of that time, the loss of heat had 
been the same as at the end of the experiment, the 
heat lost in the 3 J minutes would have caused a fall of the 

thermometer amounting to — ^ — = 1°'2. But the heat 

lost by the calorimeter depends on the excess of its tem- 
perature above that of the surroundings. At the be- 
ginning of the experiment the calorimeter was at the same 
temperature as the air surrounding it, and therefore no 
heat was lost, but as the temperature of the calorimeter 
rose higher, more and more heat was given up. If the 
amount of heat lost by radiation increases in proportion to 
the rise of temperature, the average loss per unit time over 
the whole interval, is only half the loss per unit time 
at the end of the experiment. Approximately, therefore, 
the loss of heat due to radiation, from the time steam 
was introduced, to the time the thermometer reached its 
highest point, is only half the amount stated above, 
i.e. it corresponds to a fall of temperature of 0°*6, which 
is the cooling correction required. In this experiment there- 
fore the highest temperature reached would have been 
31°'6 if the calorimeter had been protected against all loss. 
Similarly in the second experiment the highest reading 
of the thermometer would have been 33°'7. 

Correct the observations in this manner for cooling, 
and calculate the latent heat with the corrected tempera- 
tures, entering the results as follows : 

Highest temperature of calorimeter cor- 
rected for cooling .... ZV'6 33°-7 
Liatent heat of steam (corrected) . 536 554 

This exercise on the latent heat of steam has been 
introduced here, as it forms a useful exercise in calorimetric 
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work, but accurate results cannot be expected unless very 
great precautions are taken. The simple apparatus here 
described is found to give more consistent results than 
other forms, in which the steam is led directly into the 
water without a condenser being used. 

The first experiment given above, has led to a result 
which is very near the truth, while the value obtained 
in the second experiment, differs rather more than usual 
from the correct number. Students should have no diffi- 
culty in obtaining results which do not show errors greater 
than 3 per cent. 
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Melting and Boiling Points 

Apparatus required. — Test-tube with naphthalene, 
thermometer, flask, water bath, and condenser. 

If a crystalline solid is heated, it is converted at a 
certain well-marked temperature into a liquid, which if 
allowed to cool, solidifies again at the same tempera- 
ture. This temperature is called the melting point of the 
solid, or the freezing point of the liquid. If the solid is non- 
crystalline or amorphous, like wax and the fats, the change 
from solid to liquid, or vice versd^ takes place gradually, so 
that it is difficult to state at what temperature the solid 
melts, or the liquid freezes. 

Exercise I 

Determination of the Melting Point of 

Naphthalene 

The test-tube provided contains a quantity of naphtha- 
lene, in which the bulb of the thermometer is embedded. 

Support the test-tube in a clamp, and place under it on a 
tripod, a beaker containing water. Lower the test- 
tube into the beaker, till the water outside reaches up to 
the level of the surface of the naphthalene inside the 
tube. 
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Raise the temperature of the water to 70^ C, then 
lower the flame, and continue the heating slowly, watching 
the naphthalene carefully, to see when it begins to melt 
at points in contact with the walls of the test-tube. 
When this occurs remove the flame entirely, keeping the 
thermometer and mass of unmelted naphthalene sur- 
rounding the bulb in motion, and observe the temperature 
every half-minute, noting that it remains nearly constant. 

When the naphthalene round the bulb of the thermo- 
meter begins to melt, and allows the mercury to be seen, 
observe the temperature, and take this temperature as the 
melting point. 

Now remove the beaker, dry the outside of the test- 
tube, and allow it to cool by losing heat to the air, ob- 
serving the temperature every half-minute till the sub- 
stance is solid. The temperature will be found to remain 
constant while the liquid is solidifying, but will decrease 
at other times. Take the constant temperature as the 
freezing point of the liquid. 

Compare the two results obtained as follows : — 

Melting point =78"-8C. 

Freezing point =78"'-7 C. 

Draw a curve showing the rise and fall of temperature, 
from six half-minute intervals before, to six half -minutes 
after, the melting and freezing respectively. 

In the same way, if heat is supplied to a liquid, at 
a definite temperature depending on the atmospheric 
pressure at the time of observation, it is converted into 
vapour, remaining at the same temperature till the whole 
of it is vaporised. The temperature indicated by a thermo- 
meter in the liquid itself, is slightly influenced by 
dissolved salts, and by the nature of the vessel, but that 
indicated by a thermoipeter iu the stes^m, is dependeyit on 
tb© pressure qnij, 



SECT. XXI 



MELTING AND BOILING POINTS 



111 



This latter temperature is called the boiling point of 
the liquid, under the observed pressure. 

Exercise II 

DetermiDation of the BoiliDg Point of Benzene 

Pour sufficient benzene into the fl?isk provided to form 
a layer about 2 cms. in thickness, and support the flask on a 
shallow sand bath in such a way that the level of the sur- 
face of the sand outside, is a little below that of the benzene 
inside. Insert into the flask through the cork a thermo- 
meter, the bulb of which should be about 2 cms. above 
the surface of the benzene, and a delivery tube, the other 
end of which passes into the neck of a small flask, placed 
in cold water to serve as a condenser. (Fig. 34.) 




Fig. 34. 



IJeat the bath slowly, observing the temperature every 
piinute. When the benzene begins to boil, turn down the 
fiom^ m tbftt \/h^ boiling go^g on gentlj^, J^PticQ th^tt tb§ 
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indication of the thermometer remains constant. The 
temperature indicated is the boiling point of the benzene 
under the atmospheric pressure at the time, which should 
be read on the barometer. Reduce the observation to 
760 mms. pressure by using the known fact, that the 
boiling point of benzene changes 0°'4 C for a variation of 
1 cm. in the pressure. 

Observed boiling-point at 749 ms. . . 78" '7 C. 

Calculated „ 760 „ . 79°1 
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Reflection 



Apparatus required, — Drawing board, mirror, sighting 
rod, and scale. 

Formation of Images by a Plane Mirror 
Let Q be a small object in front of the reflecting surface 




• ^ ^ 
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AG (Fig. 35). Draw rays QO, QOp &c., from Q. These 
will be reflected according to the laws of reflection, along 
OR, OjRj, &c. It can be proved by elementary geometry 
that these reflected rays when produced backwards, will all 
intersect in a point q, such that the line ^Q is at right 
angles to the surface, and the point q as far behind the 
reflecting surface as Q is in front. 

I 2 
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To an eye placed at any point E, the reflected rays will 
appear to come from q. The point q is called the image 
of Q. 

Exercise. 

To verify that the image is as far behind the reflecting 
surface as the object is in front. 

(1) By the sighting method. 

Place a pin Q vertically in front of a mirror A, which is 
supported on a horizontal drawing board by a clip, so that 
its reflecting surface is vertical (Figs. 36 and 38). 
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To find the position of the image q, use the apparatus 
shown in Fig. 37. P^Pg is a bent rod with two needles 
or pins fixed near its ends. Shut one eye and place Pj Pg 
in such a position (Fig. 38), that when the open eye is 
about 20 cms behind Pg, the points of the pins P^ Pg 
and q are in the same straight line. Mark the positions of 
Pj and Pg. Repeat the experiment with the eye in 
different positions. Draw a line on the paper along the 
silvered surface of MN at which the reflection takes place, 
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and take away the mirror. The lines joining the points 
Pj and Pg, Pi' and Pg', &c., should, when produced, all 
intersect in the same point q, and ^'A and QA will be 
found to be nearly equal to each other. Owing to the ref rac- 
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tion of the light through the glass in front of the silvered 
surface, the image will be about f of the thickness of the glass 
nearer to the reflecting surface of the mirror, than the 
calculated position. {See Fig. 42, p. 122.) 

(2) By the parallax method. 

Place the mirror A and pin Q as before. The image of 
Q will be q (Fig. 39). Looking straight at the mirror with 
one eye only, place a pin Q' vertically, so that it appears con- 
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tinuous with the image of the pin at Q, seen in the mirror. 
Q' will then be on the line passing through A, but it may 
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be in front of or behind the image. Now move the eye 
to the left. If the needle Q' appears to the right of 
the image, it must be too near the mirror, if to the left 
as in the figure, it must be too far away. By a succession 
of systematic trials, a position of the pin will be found 
such that, whatever the direction in which the eye looks, 
the image q and the pin Q' appear to be continuous. 
The shifting of the image q and the pin Q' over each 
other, when the latter is not in its proper position, is 
called parallax. When there is no longer parallax, mark 
the position of the silvered surface MN, by drawing a 
pencil line on the paper. Measure the distances of the 
pins from this line by means of a glass millimetre scale. 
Repeat the experiment with different distances of the 
mirror from the pin Q. 

The student should make a reduced copy in his note-book 
of the lines on the drawing paper, marking the observed 
lengths of AQ, A^', (fee, in each case. 
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Befiraction 

Apparatus required, — Drawing board, glass cvhe, sight- 
ing rod, and drawing instruments. 

Explanation of the Laws of Refraction 

Let 10 ^Fig. 40) be a ray of light passing through 
air, and falling on a surface MM' of glass or water. 




With centre O draw a circle IMM', draw the normal 
NN' to the surface MM', and II' perpendicular to ON. 
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The ray 10 on entering the medium which is optically 
denser, will continue in the plane containing ON and 01, 
but will be bent towards the normal NN'. 

Let OR be the refracted ray, then the angle lOI' is 
called the angle of incidence, and the angle BOR^ the 
angle of refraction. Draw the line RR' perpendicular to 
the normal. 

It has been found experimentally, that the ratio of the 
lines II' and RR' to each other is the same, whatever the 
angle of incidence. If the first medium is air, this ratio 
ifif called the refractive index, or index of refraction of 
the second medium. The index of refraction is different 
for rays of di£ferent colours, increasing from red through 
the yellow, green, and blue to the violet. The following 
table gives for several media the approximate refractive 
indices for yellow light :— 

Diamond 2*44 to 2*75 

Flint glass 1*58 to 1*64 

Crown ^lass 1 *53 to 1*56 

Bisulphide of carbon 1 *68 

Water 1-34 

We may therefore take the index of refraction of crown 
glass as f , and of water as ^. 

The ratio II' to 01 in the right-angled triangle lOI' of 
the above figure, is called the sine of the angle lOI'. Simi- 
larly the ratio RR' to OR is the sine of the angle ROR', or 

II' 

Sine angle of incidence = qj 

RR' 

Sine angle of refraction = qt>- 

Sine angle of incidence _ II' OR 
' * Sine angle of refraction ~~ RR' 01 

II' 

but OR = 01, and -o^ = refractive index. 

Sine angle of incidence . . ■, 

Sine angle of refraction = refractive index. 



• . 
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This is the second law of refraction, called after its dis- 
coverer Snell's Law. 

Exercise I 
To verify Snell's Law 

Gum a strip of paper, with one edge R (Fig. 41) vertical, 
to the back of the cube provided. Place the cube on the 
drawing board, and sight the lower part of the vertical 
edge of the strip from various positions, by means of the 
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sighting rod as shown. The directions of the emergent 

rays PiP2> ■^i'-^2'> *^^*> ^^® ^^^^ obtained. Mark on the 
board MM' the projection of the refracting surface, and R 
the projection of the vertical edge of the strip of paper, and 
take away the cube. Produce P1P2 backwards until it meets 
the face of the cube in O. RO will be the ray incident 
on MM', which on emergence passes through Pip2« Draw 
RN normal to MM', and produce PgO to intersect RN in I. 
By a general law in Optics, the course of a ray can be 
reversed without altering its path, hence if the ray going 
from R to Pg takes the path RO, OPg a ray going from 
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P2 to R would take the path P2O, OR. In the latter case 
OIN would be equal to the angle of incidence, and ORN 
equal to the angle of refraction, since RN is normal to the 
surface MM'. Hence by the law of refraction 

Bine OIN r ..• • j 

sine ORN = ref'«^<>iv« "^d«^' 

ON ON 

but sine OIN = yyf , and sine ORN = q^* 



01 

. J i. i. .. ON OR 

Hence index of refraction = -qj x q^ 



OR 
01* 



Measure OR and 01 and calculate their ratio. 

Repeat the drawing and measurements for different 
positions of the eye. 

If any two sighting lines P1P2 and Pi'P2' are produced 
backwards, they will be found to intersect very nearly at 
the point I on the line RN. This is due to the fact that 
if the point O is not far from N, the ratio OR to 01 is 
nearly equal to the ratio NR to NI, which ratio is there- 
fore nearly equal to the refractive index. 

The student should draw a reduced diagram in his note- 
book, and should give the lengths of all the lines measured, 
and the refractive index calculated from each pair. 

We can now understand why in reflection at an ordinary 
mirror, the image is not quite as far behind the reflecting 




9 q 
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surface, as the object is in front. The rays from Q (Fig. 
42) are refracted at the surface of the glass on entering 
and emerging, and this causes the reflected ray to appear 
to come from q^ and not from g, where Kq = AQ, 

Exercise II 
Geometrical Construction for the RefircLcted Ray 

It has been seen that if the index of refraction of the 
denser medium is /a, the line II' (Fig. 40) is /* times RE,', 
hence if the ray 10 and the index /* were given, the 
direction of the ray OR could be found by measuring 
along OM a length equal to II' divided by /a, and letting 
fall from the end of this length, a perpendicular to MM', 
cutting the circle IMM' in R. This method involves 
drawing for each incident ray the perpendicular II', 
measuring it, and cutting off from OM a length equal to 
II'//*. The following method is more convenient. 

With centre O (Fig. 43) draw two circles with radii 
proportional respectively to the indices of refraction of the 
two media. Let the ray 10, traversing the first medium, 



cut the inner circle in I. Let fall from I a perpendicular 
IN to the surface of separation of the two media, and 
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produce this perpendicular upwards to cut the outer circle 
in K. Join KO and produce to R; OR is the refracted ray. 

For, Bine OIN = ON/OI, and sine OKN = ON/OK 

sine OIN _ ON OK _ OK _ 
•'• sine OKN "" 01 ' ON " 01 ,"" ^ 
and angle OIN = angle of incidence. 
„ ,, OKN = ,, ,, refraction. 

Hence the construction makes the sines of these angles 
have the proper ratio to each other. 

The student should draw in his note-book, using the 
same pair of circles, the refracted rays corresponding to 
rays incident at angles of 10°, 20°, &c., 80°, on the surface 
of a medium, of which the index of refraction is 1*55, 
and should notice, that the refracted rays due to rays 
incident at angles nearly 90°, make with the normal angles 
much less than 90°. 

n we consider rays traversing the dense medium, to be 
incident at O from all directions, only those which make an 
angle with the normal less than a certain Hmit, will be 
refracted into the rare medium. This limiting angle is 
called the Critical Angle, and the rays which are incident 
at angles greater than the critical angle, are entirely 
reflected, remaining in the dense medium and constituting 
the " totally reflected rays." So long as an incident ray is 
capable of producing a refracted ray, the construction given 
above, carried out in the reverse order, will give the direc- 
tion of that refracted ray, but it will be found to fail 
when the angle of incidence is greater than a certain limit, 
as in the case of the ray R^O. The normal through K^ 
must then be produced downwards to cut the outer circle 
again in K/, and K/ be joined to O. OK/ is the totally 
reflected ray corresponding to the incident ray R^O. 

The student should draw the refracted rays produced 
by rays incident at 10°, 20°, &c., 80° on the inner surface 
of a medium of index = 1*55. 
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Lenses. I 

Apparatus required. — Drawing instruments. 

Lenses are transparent bodies, bounded by two surfaces 
which are generaUy spherical. 

The line joining the centres of the two spherical surfaces 
is called the axis of the lens. 

We distinguish two kinds of lenses, according to their 
action on a parallel beam of light. 

I. Lenses which change a parallel beam of light into a 
convergent one, as in Fig. 44, are called converging lenses. 




Fig. 44. 



B C 

Fio. 45. 



Converging lenses always have their thickest part in the 
middle. The three lenses given in Fig. 45 are converging 
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lenses. One of the bounding surfaces is always convex to 
the outside, the other may be convex (A), plane (B), or 
concave (C) ; but if it is concave, the curvature of the con- 
vex surface must be greater than that of the concave one. 

The point, to which rays of light falling on the 
lens parallel to the axis, converge after refraction, is 
called a principal focus. There are two principal foci, one 
on each side of the lens, since a parallel beam of light may 
strike the lens either from left to right or from right to 
left. If the media on the two sides of the lens are the 
same, the two foci will be at equal distances from the lens. 

The distance of either focus from the lens is called the 
focal length. The geometrical constructions and formulaB 
which are given in this Section, apply only when the thick- 
ness of the lens is so small compared to the focal length, 
that it becomes immaterial whether the focal length is 
measured from the surface of the lens, or from some point 
inside. If the figures which follow were accurately drawn 
to scale, the lens would appear almost as a line. In order 
to distinguish convex and concave lenses, we shall draw the 
lenses with an exaggerated thickness, but in dotted lines ; 
while the position of the actual lens is given by a straight 
line drawn in full; thus in Fig. 46 the lens is really 
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represented by the line HK, and the two curved lines only 
indicate that the lens is a convex one. The incident and 
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refracted rays are therefore drawn straight up to the 
line HK. The same holds in all the figures which 
follow. 

II. Lenses which change a parallel beam of light into 
a divergent beam, as in Fig. 47, are called diverging 
lenses. 

Diverging lenses always have their thinnest part in the 
middle, as in Fig. 48. One of the bounding surfaces is 
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Fia. 48. 



always concave, the other may be concave (A), plane (B), 
or even convex (C) ; but in the last case the concave surface 
must have a greater curvature than the convex one. 

The point F (Fig. 47), from which the beam of light seems 
to diverge after refraction, is called a principal focus, the 
other focus being at the same distance from the lens on 
the opposite side. 

Converging lenses are sometimes called convex, and 
diverging lenses sometimes concave, lenses. 

If a pencil of light diverging from a luminous point Q, 
fills a lens HK (Fig. 49), the quantity Yqa is called the 
divergence of the pencil with respect to the lens. If the 
pencil after refraction converges to Q', the quantity ^/q'a is 
called the convergence of the refracted pencil. 
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Since the medium on the two sides of the lens is the 
same, there are two foci, Fj and Fg, on opposite sides 
of the lens and at equal distances from it, and the 
quantity ^/p^a or ^/f^a is called the converging power of the 
lens. In order to make our statements definite, we take for 
the point A, the point at which the plane passing through 
the edge of the lens HK cuts the axis ; but the relations 
which are given below between the distances of the object 
and image, are only approximate, and the errors committed 




are of the same order of magnitude as the thickness of 
the lens, so that these distances might, without appreciable 
difference in the error, be measured from the surface of 
the lens. The distance of the image from the lens can be 
calculated from the following proposition, which is the more 
nearly correct the thinner the lens. 

Convex lenses increase the convergence, or diminish the 
divergence, of cm incident beam by a constant quantity, 
which is equal to the converging potver of the len^s. 

In order to show how this proposition is applied, we 
distinguish three cases. 

(1) If the luminous point is nearer to the lens than the 
principal focus (Fig. 50), the pencil after passage through 
the lens, will still be divergent, but its divergence will be 
diminished. 
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The divergence of the incident beam is ^/aqj the converging 
power of the lens is VfiA. Hence, the divergence of the 
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emergent beam is ^/qa — ^/fiA. Thus, according to the 
above proposition, 

J__ J 1_ 

Q'A " QA FjA 



(2) If the luminous point is further from the lens than 
the principal focus (Fig. 49), the converging power of the 
lens will be greater than the divergence of the pencil, 
and the emergent pencil will therefore be convergent, the 
convergence being given by the equation : — 



Q'A ~ FiA QA 




^pk--^"^ 
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(3) If the incident beam is convergent, its convergence 
will be increased by the lens (Fig. 51). Hence : — 



1 1 

+ 



Q'A ~ QA • FjA 



Geometrical Constructions 

Let FjAFg (Fig. 52) be the axis of the lens, F^ and Fg the 
focal points, A the centre of the lens, and let Q be a point on 
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the axis to the left of the lens and PQ a line perpendicular 
to the axis. It is required to find the position and size of 
the image of PQ. 

Through P, draw two rays, one PA through A the 
centre of the lens, and produced in the same direction 
after passing through the lens, the other PL parallel to the 
axis, meeting the plane through A perpendicular to the 
axis, in the point L. This ray, after refraction at the lens, 
passes through Fg. The image of P will be at the point 
of intersection P' of the two rays LFg and PA. This point 
of intersection may be either on the Fg or right side of 
the lens, in which case the image is real and inverted, or 
on the Fj or left side (Fig. 53), in which case the image is 
virtual and erect. The first will be found to be the case if Q is 
to the left, the second if it is to the right of F^. Through 
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P' draw P'Q' perpendicular to the axis. P'Q' is the image 
of PQ. If the rays LFg and PA have to be produced to 
the left to intersect, draw the portions of them to the left 
of the lens, and the image, dotted. By considering each 
ray in this case to be reversed in direction, the construc- 
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tion gives the position of the real image PQ produced by 
rays which if the lens were not present, would form an 
image P'Q'. 

Work out the following examples by the convergence and 
divergence method, and by the geometrical method, giving 
diagrams :— 

A convex lens has a focal length of 12 centimetres. 
Find the positions of the images corresponding to objects 
at distances of 60, 24, 8, 6, 2 centimetres respectively to 
the left of the lens. 

The position of the image produced by a concave lens, 
if the position of the object is given, can be found with 
the help of a proposition similar to one given above. 

Concave lenses increase the divergence, or diminish the 
convergence, of an incident beam by a constant quantity, 
which is equal to the diverging power of the lens, 

K 2 
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Write out the equations which determine the positions 
of the images in the three following cases : 

(1) The incident pencil is divergent. 

(2) The incident pencil converges to a point beyond the 
lens, but nearer to the lens than the principal focus. 

(3) The incident pencil converges to a point beyond the 
lens and further from the lens than the principal focus. 

Carry out also the geometrical construction for each case, 
remembering that parallel rays falling on the left surface 
of a concave lens, appear after refraction to proceed from 
the focus on the left of the lens. 



SECTION XXV 
Lenses. II 

Determination of the Focal Lengths of Lenses 

Apparatus required, — Drawing board, a convex and a 
concave lens, slit, stop, screen, and sighting rod (Fig. 54). 

Exercise I 

To find approximately the focal length of a convex lens, 
arrange the lens and a small screen with their centres 
above a straight line ruled on a sheet of paper fixed to 




FlQ. 54. 



the drawing board. Incline the board so that light from a 
window or from a distant object outside, may fall on the lens. 
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Vary the distance of the screen from the lens until a 
distinct image of the object is obtained. Measure ac- 
curately the distance from the centre of the lens to the 
screen. This will be the focal length, if the lens is thin. 

Exercise II 

Near one edge of the paper place a pin upright, and 
about 8 cms. behind it, arrange a luminous burner so that 
the pin may be well illimiinated. Draw a line on the 
paper passing through the pin-hole. Place the centres of the 
lens and the screen vertically above this line, and adjust 
their positions until a distinct image of the pin is obtained 
on the screen. 

Measure the distance of the pin from the lens (u), also 
of the screen from the lens (v), and calculate out the 
the focal length as in the following table : — 

Divergence Convergence 

of incident of refracted Converging Focal 

Experi- « v beam. "beam. power of length 

ment. cms. cms. i/u yv lens. cms. 

1 905 36-9 -110 027 137 73 

2 12-55 17-7 079 056 135 7*4 

3 17-20 12-75 058 078 136 7*4 

The numbers in the last column should be nearly equal 
to each other. 

Notes. — 1. It is important that the plane of the lens should be 
at right angles to the line joining object and image, otherwise 
the image will have coloured edges, and will be nearer the lens than 
it should be normally. A considerable error may thus be intro- 
duced. Care should be taken therefore to place the lens q>s nearly 
as possible in the proper position. 

2. Even with the lens in its proper position the image may be 
indistinct and surrounded by a coloured fringe, which is due to the 
fact that the focal length is different for light passing through 
different parts of the lens (spherical aberration), and for differently 
coloured rays (chromatic aberration). By inserting coloured glasses 
between the light and the object, the trouble arising from chromatic 
aberration can be diminished ; but the determination of the focal 
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length is then more troublesome as the light is weakened. By 
inserting stops of different diameters the image may be made much 
sharper, owing to the diminution of spherical aberration. 

Substitute for the pin, the slit provided, placing it 
vertical in the position occupied by the pin, and after 
finding which circular opening in the screen provided is 
most suitable, i.e., which is the best stop to use, take 
observations of u and v as before, and show that calculation 
gives the same result for the focal length. 

Exercise III 

When the object is nearer to a convex lens than 
the principal focus, no real image is formed ; but when 
the eye is placed on the opposite side of the lens, 
a virtual image on the same side as the object, is 
seen on looking through the lens. In order to find 
its position, the sighting rod is used. Place the slit 
half way between the principal focus and the lens, and 
look at the image from two positions on the opposite side 
of the lens to the slit, one on each side of the axis, 
using the sighting rod as in the previous exercises, to find 
the position of the virtual image. Measure the distances 
of the object (u) and image (v) from the lens. Repeat 
the experiment with the slit placed at a distance from the 
lens equal to about one-third of the focal length. Calculate 
the results as in the following example : — 



Experi- 
ment. 


u 
cms. 


V 

cms. 


Divergence 

of incident 

beam. 

i/tt 


Divergence 

of refracted 

beam. 


Converging Focal 
power of length, 
lens. cms. 


1 
2 


390 
2^80 


8^55 
446 


•256 
•357 

Exercise 


•117 
•224 

IV 


•139 7-2 
•133 7-5 



The image formed by a concave lens is virtual, and 
cannot be projected on a screen ; its position can, however, 
be determined by the use of the sighting rod. 
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Substitute for the convex lens of Exercise III. a con- 
cave lens, and take two observations with the slit about 
6 and 4 cms. from the lens. Calculate out and arrange 
the results as in the following example : — 



Kzperi- 
ment. 


u 
cms. 


cnui. 


Divergence 

of inddent 

beam. 


Divergence 

of refracted 

beam. 

1/0 


Diverging 

power of 

lens. 


Focal 

length, 

cms. 


1 


6-4 


3-9 


•166 


•256 


•100 


10-0 


2 


40 


2-9 


•250 


•348 


•098 


10^2 








Exercise V 







Verify the result obtained for the concave lens, by 
placing it in contact with a convex lens of shorter focal 
length, and determining the focal length of the combina- 
tion by method I. The power of the concave lens will be 
equal to the difference between the powers of the convex 
lens and of the combination. Record as follows : — 

Focal length of convex lens = 7 '4 . • . converging power = 1/7 *4 = 'l^ 
„ „ „ combination =27*0 .•. „ „ =1/270=^037 

. • . Diverging power of concave lens = ^099 

Focal length = 10*1 cms. 



SECTION XXVI 

Lenses. Ill 

Experimental Verification of the Relation between 
the Sizes of an Object and its Image formed by a 

Lens 

Apparatus required, — Drawing board, slit, lens, screen, 
and instruments. 

Let Aj (Fig. 55) be the centre of a converging lens, and 
let Q' be the image of a point Q. Then since l/A^Q is the 
divergence of the incident beam, and IjA-^Q' the conver- 
gence of the refracted beam, the relation between the 
positions of image and object is given by the equation 

111 

+ XTv = -> • • • • (1) 



where 1//* represents the converging power of the lens. 



P 

t 



•'--•--v.- A Q' 

Q A2 * — .y -w 



Fia. 55, 
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Let PQ be a small linear object placed at right angles 
to the axis of the lens, and let P'Q' be the image. When 
the lens is thin, the line joining P and P' will pass through 
the point Aj, and the triangles A^PQ and AjP'Q' will be 
similar. Hence : — 



PQ "~ AiQ 



(2) 



or, expressed in words, the ratio of the sizes of image and 
object is equal to the ratio of their distances /rom the lens. 

Exercise 

In order to verify equation (2), perform the following 
experiments : 

1. Take a convex lens and determine its focal length 
approximately, by holding it not less than 5 metres away 
from a source of light, a flame, or a window, and finding 
the position of a sheet of paper behind the lens, when the 
image of the source on it is most distinct. 

Measure the distance from the lens to the paper. This 
is the focal length approximately. 

2. Near the left-hand edge of the drawing board, place 
a screen provided with a horizontal slit, and at a distance 
from it, a little more than twice the observed focal length, 
place the lens in its support. Put a luminous flame behind 
the slit, and find the position of the screen when the image 
of the slit on it is most distinct. 

Measure the distances of the slit {u) and screen (t?) from 
the lens. 

3. Measure the lengths of the slit {a) and of its image 
(h) by means of compasses, or a glass scale. 

The adjustment of the screen is to be made three 
times, and after each adjustment the measurements of the 
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distances u and v, and of the size of the image of the slit h, 
are to be repeated, and the means taken. 

4. Move the screen till its distance from the slit is less 
than four times the observed focal length of the lens. 
Notice that there is now no position of the lens in which a 
good image appears on the screen. 

5. Place the screen near the right-hand edge of the 
board. 

There are now two positions of the lens, in each of 
which a distinct image of the slit is projected on the 
screen. Measure the distances of the slit and screen from 
the lens and the size of the image of the slit in each case, 
making the adjustment three times, and taking the means 
of the observations. 

Experiment thus shows that for a given distance between 
an object and a screen there are two positions of the lens 
such that an image of the object is thrown on the screen, 
provided the distance between the object and the screen is 
more than four times the focal length of the lens. 

If with the screen at Q' (Fig. 55), Aj is a position of 
the lens for which a sharp image of an object at Q is 
formed, it may be easily proved that the second position 
of the lens is at Ag, such that QA2 = Q'Aj. In that case 
P2Q1 will be the image of PQ. 

Now 

QT, Q'A, QAi 



Also 



hence 



or 



QP - QAj - Q'Ai* 

QAi _ QP 

Q'Ai - QTi' 

QT,_ QP 
QP - QTi 

QP = VqT, Q'Pj. 
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Expressed in words this means that if the object and 
screen are kept at the same distance from each other, and 
the two positions of the lens are found such that images 
of the object are projected on to the screen, the geometrical 
mean of the lengths of the images is equal to the length 
of the object. 

Record as follows : — 

Focal length of lens 8*1 cms. 
Length of slit . 2*0 „ 



u 


V 


U + V 


v/u 


b 


h/a 


181 


14-7 


32-8 


•80 


1-60 


•80 


33-3 


10-7 


44-0 


•32 


•65 \ 


•33 


10-6 


33-4 


44 


315 


6-25 J 


313 



Geometrical mean of the two values of b, for a distance 
of 44 cms. between slit and screen= v6*25 X *65 = 2'01. 



SECTION XXVII 

Befraction of Light through a Prism 

Let AI (Fig. 56) be a ray of light incident on a prism, 
the refracting angle of which is a. It will be refracted 
along IR, and if i and r are the angles between the 
normal NI and the rays outside and inside the prism re- 
spectively, we have by the laws of refraction 



sin I = /i sin r 
where fi is the index of refraction. 



. (1) 




Fzo. 56. 



At R the ray is refracted again and passes out of the 
prism in the direction RB. If % and r are the angles 
between the normal NR and the ray outside and inside, 
the equation 

(2) 



sin i' = /A sin r' 
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/ 



will hold for the refraction at emergence. In the triangle 
CIR the three angles must together be equal to two right 
angles, and hence the angles CIR and CRI must together 

be equal to 

180" - a (3) 

but 

CIR = 90" - r 
and 

CRI = 90" - r', 
hence 

CIR + CRI = 180" -(r + r') . (4) 



By comparing (3) and (4) it is seen that 

a = r + r^ 
The three equations 



(5) 



Bin I = /i sin r 


• 


• 


. (1) 


sin i' = /Asinr' . 


• 


• 


• (2) 


a=:r +V 


• 


• 


• (5) 



determine completely the path of a ray through a prism if 
its refracting angle a, and its index of refraction fi, are 
known. Thu'S if the first angle of incidence (i) is given, 
r may be calculated from (1), next r may be calculated 
from (5), and finally % from (2). 

One case is of special importance, namely that in 
which the ray passes symmetrically through the prism 
as in Fig. 57. In this case r = r and from (1) and (2) 
i = i ; hence from (5) r = a/2. 




Fig. 57. 
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The Deviation of the ray by the prism is the angl^ 
through which the ray is rotated by the prism. If AI 
is the original direction of the ray (Fig. 56), and E.B 
its ' direction after passing through the prism, the angle 
between AI and RB measures the deviation of the ray. 
We may obtaLn this angle by calculating the deviation 
of the ray due to the first, and that due to the second, 
refraction separately, and adding the results together. Thus 
the angle NIK is equal to i, the angle NIR is equal to r ; 
and since the angle RIK is the deviation at the first 
refraction, this deviation is equal to (i — r). Similarly 
at the second refraction the deviation is (*'—/), and hence 
the whole deviation D is given by 

D = (t - r) + (»•' - r') = (t + *') -{r + r') = (i + »') - a . (6) 

If % has been found ' by equations (1), (2), (5), the 
deviation can be calculated. It is found that for a given 
incident ray, there is one position of the prism in which 
the deviation is less than in any other position ; this is 
called the position of minimum deviation, - It may be 
shown that the position of minimum deviation is the one 
in which the ray passes symmetrically through the prism 
(Fig. 57), that is to say when, as explained above, 

t = t' and r = ~ . . . . (7) 

the deviation given by (6) becomes in that case 

D = 2i - a . . . 

or: 

• I> + « 

»=-2— .... (8) 

and as sin i = /A sin r, we obtain by using (7) and (8) 

. D + o .a 

Sin— 2— = /ism^ . . . (9) 
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If D and a are measured, this equation will determine 
the refractive index /i, for 



M = 



. D + a 

sin — 7^ — 



. a 
fling 



Numerical Example, — The angle of a prism is 60**, and 
its refractive index 1 '6. Calculate the angle of incidence 
i when a ray of light passes with TninimnTn deviation 
through the prism. 

Exercise 
Gteometrioal Constmotion for the Emergent Bay 

Let C be the refracting angle of the prism (Fig. 58). 
With centre C and radii 1 and /la, where fjb is the refractive 
index of the material of the prism, draw two circles. 
Let a ray parallel to A^C be incident on the left-hand 
surface of the prism. From the point Aj where A^O 




FlQ. 68. 
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cuts the inner circle, draw A^L perpendicular to the first 
face of the prism and produce this perpendicular till it 
meets the outer circle in A^' Join A^'C and produce to 
again meet the outer circle in B^'. Then, by the geometrical 
construction proved on pp. 123 and 124, A^'CBj' is parallel 
to the refracted ray. Draw B^'M perpendicular to the 
second face of the prism, and let B^'M cut the inner 
circle in Bj. Join CB^ ; CBj is parallel to the emergent 
ray. 

Let AI be a ray parallel to A^C, incident on the first 
surface at I. Draw IR through I parallel to A^'CBj', 
cutting the second face in R. Through R draw RB 
parallel to CB^. Tliis line is the emergent ray correspond- 
ing to the incident ray AI. 

Find, by this method the emergent rays corresponding 
to rays incident on the first surface of a prism of index 
1-6 and angle 60°, at angles of 30°, 40°, 50°, and 60° 
respectively. 



SECTION XXVIII 

Exercise 

Determination of the Befrarctive Index of a Glass 

Prism 

Apparatus required, — Prism, two lenses, slit, screen, 
boards, and protractor. 

It will be necessary to obtain, in the first instance, a 
beam of light, the rays of which are parallel. If a narrow 
slit is placed so that its centre is coincident with the 
principal focus of a lens, the rays coming from the centre 
of the slit will leave the lens parallel to the line joining 
the centre of slit and lens ; the rays diverging from any 
other point of the slit will be approximately parallel among 
themselves, but inclined to the axis of the lens. 




Fio. 69. 



A small wooden board AB (Fig. 59), along which a lens 
L and a screen containing a vertical slit G can slide is 
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provided. Place the lens near the end of the board, and 
find the position of the screen, such that the image of a 
distant object is seen sharply defined on it. If necessary, 
fasten lens and screen to the board by means of pins 
passing through the small holes in the comers of the 
supports. A combination of slit and lens which in this 
way produces a parallel beam of light, is called a colli- 
mator. 

Place another lens L' and a screen S' down the middle 
of which a vertical line is drawn, on a similar board, so that 
the focus of the lens is in the centre of the screen. If 
necessary, attach the lens and screen to the board by pins. 
If this arrangement, which we shall call the focussing board. 





FiQ. 60. 



is placed in line with the collimator and a luminous flame 
F (Fig. 60), a sharp image of the slit should appear on 
the screen. 

Exercise. 

In order to determine the refractive index, the angle of 
the prism has first to be measured. 

Place the prism and focussing board in such positions 
(Fig. 61) that the beam of light is reflected from one of the 
faces AB, of the prism, and forms a sharp image of the 
slit along the centre line of the screen. Draw a line along 
one edge of the base on which the prism is mounted. 
Now turn the prism, without moving the focussing board, 
until a sharp image of the slit again appears in the same 
position, the reflection now, however, taking place from 
AC instead of from AB, and draw another line along the 

L 2 
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same edge of the base. The angle between these two 
lines is that through which the prism has been rotated, 
which, it will be seen, is 180° — a, if a is the angle of the 
prism. 




FiQ. 61. 

Proceed now to the measurement of the deviation pro- 
duced by the prism, which is the second quantity necessary 
for calculating the refractive index. 

Place the prism so that the light from the collimator is 
refracted through it, as in Fig. 56 ; the angle which has been 
measured being the refracting angle C. Find the position of 
the focussing board, such that the spectrum produced by the 
prism appears on the screen. On turning the prism round 
a vertical axis this spectrum will be found to change its 
place, but that position of the prism is easily obtained 
which gives the smallest deviation of the spectrum. 
With the prism in this position adjust the focussing board 
till the yellow of the spectrum falls on the central line 
of the screen, then mark the position of the board by a 
pencil line drawn along one of its edges. 

Remove the prism and mark similarly the direction of 
the focussing board when it points directly to the col- 
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limator, as in Fig. 60, so that the image of the slit is seen 
on the central line of the screen. 

The angle between these two lines on the drawing board 
is the angle of minimum deviation. 

Record as follows : — 

Angle of prism a . . . . = 59** '5 
Angle of minimum deviation D . = 48° 



Sum(D + o) . . . . = 107-5 
I = 29°-7 . • sin I = -494 

5.+ - =53.7 . .'sin^t_^ = -806 



»^" 2 ^J06^i.e3 
'^ . a -494 



SECTION XXIX 

On Vision with the Naked Bye and through a 

Magnifying Glass 

If an object or the image of an object fonned by a lens, 
is looked at with the naked eye, its apparent size may be 
measured by the ratios of its linear dimensions to its 
distance from the eye. 

For if in Fig. 62, AB is an object, ab the image formed 
on the retina, and if O is a point in the eye such that a 




FiQ. 62. 



ray AO going towards O will continue along the same line 

Oa, we obtain in the similar triangles OAB and Oab the 

relation 

db AB , AB^ 

OS = OA ^^ ^=oX^^' 

The distance Oa is the same whatever the length or distance 
of AB, and hence the length ab of the image on the 
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retina is proportional to ^^ and this fraction we may call 

the apparent length of the line AB. 

It is here assumed that there is in the eye a point 
having the property ascribed to the point O, and it can be 
shown that the assumption is justified. This point 
is situated in the crystalline lens near its back surface, 
and by means of it we may find the image of a luminous 
point A simply, by drawing a straight line AO and 
producing it to the retina. 

When we speak of the distance of an object from the 
eye, we should, strictly speaking, measure it from the 
point O, but we shall commit no appreciable error by 
measuring it from the front surface of the cornea. 

It is found by experience, that we can focus the eye so 
as to see distinctly objects lying within a certain range 
of distance. 

The nearest point to which we can focus is called the 
"near point," and the farthest point is called the "far 
point " of the eye. 

An eye having the normal sight should have its far 
point at an infinite distance, audits near point 15-20 cms. 
from the eye. 

Eyes which cannot focus for distant objects are called 
short-sighted, and the smaller the distance between the 
eye and the farthest point of distinct vision, the greater 
is the degree of short-sightedness. For such eyes 
the near point is generally nearer than 15 cms. Eyes 
having their near point farther than 30 cms. re- 
quire spectacles to read or write with comfort. Such 
eyes are commonly called long-sighted. A long-sighted eye 
will often be able to focus rays which are convergent, and 
in this case the eye is called hyper-metropic, while an eye 
having its far point at an infinite distance is called 
emmetropic. A common defect of the eye consists in 
one of its refracting surfaces being cylindrical instead 
of spherical; the eye is then said to be astigmatic. 
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When this defect is very decided all luminous points will 
appear drawn out into a line. It is investigated 
by determining the nearest distance of distinct vision 
for lines inclined at different angles. For an astigmatic 
eye these distances will not be the same. 

The apparent size of an object depends on its distance 
from the eye. We shall therefore see a small object under 
the most favourable conditions, if. we place it as near the 
eye as possible, that is to say, at the nearest point of 
distinct vision. 

If D is the nearest distance at which we can focus, and 
a the linear size of an object, a/D will be the greatest 
apparent size of the object, when looked at with the 
naked eye. 

We may now determine the advantage gained by 
looking at a small object through a convex lens placed 
close to the eye. 




Fig. 63. 



If AB is an object (Fig. 63) placed between a convex 
lens HK and its focus F, the rays passing through the 
lens will appear to come from a virtual image ah, such 
that ^ = 5I (Section XXIV.). 
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If the eye is close to the lens, Oa may be taken 
as the distance of the image from the eye, hence 
the apparent size of the image will be equal to q^, which 

is the same as the apparent size of the object after the 
removal of the lens. The advantage we. gain by the lens 
lies therefore only in the fact that we may, consistently 
with distinct vision, bring the object nearer to the eye 
than we can without a lens. 

The magnifying power of the lens is defined as the ratio 
of the apparent size of an object looked at through the lens, 
to the apparent size when the object is looked at with the 
naked eye under the most favourable circumstances, that 
is to say, when at the nearest point of distinct vision. We 
have, therefore, the relation 



m 



_ AB AB _ D^ .^ /I _l\ 
" OA"^ D " OA "" ^ \0F "^ Oa/ 



by Sect. XXIV. 

Although we should obtain the greatest magnifying 
power by making the distance OA as small as possible, it is 
better, when optical instruments are used, to adjust the 
distance of the virtual image so that it is as far atvay as 
possible, for in that case it is found that the eye suffers 
least fatigue. 

If the eye is normal, so that it can focus for parallel 
rays, we may place the object AB at the focus 
and OA becomes equal to OF the focal length of the lens. 

We then find for the magnifying power m = j. 

As D is always the same for the same eye, the magnify- 
ing power obtainable under these circumstances with 
different lenses, is inversely proportional to the focal 
length of the lens. Hence l is called the power of the 

lens. It will be seen from the above equation that no 
advantage is gained unless the focal length of the lens is 
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less than the least distance of distinct vision; for if 
/ is larger than D, m will be less then one, and the 
apparent size of the image as seen through the lens, wiU 
be less than the apparent size of the object as seen with the 
naked eye. 

It will appear from the above that in order to obtain 
for instance a magnifying power of 3, the nearest point 
of distinct vision being 21 cms., we should have to use a 
lens of 7 cms. focal length. 



SECTION XXX 

Determination of the Near and Far Points of the 
Eye, and the Magnifying Power of a Lens. 

Apparatus required, — A mounted lens having a focal 
length of about 16 cms., three lenses mounted in contact 
having a combined focal length of between 2 and 4 cms., 
a focussing board, and two small screens. 

Exercise I 

Determination of the Nearest and Farthest Points 

of Distinct Vision. 

On one of the screens provided is a cross formed by- 
two vertical lines, drawn with a sharp pencil as near 
together as possible, and two similar horizontal lines. 
Such a cross forms a convenient object for focussing. 

Determine the focal length of the single lens by focussing 
a distant object on the screen, and measuring the distance 
of the latter from the centre of the lens. 

Now place the lens at one end of the focussing board 
(Fig. 64), and the screen at the other end. Bring the 
eye close up to the lens and slowly move the screen nearer 
to the lens until the small central square formed by the 
four lines of the cross is seen distinctly. 



156 



INTERMEDIATE PRACTICAL PHYSICS part iv 



With a little practice and by moving the screen slowly, 
it will be possible to determine with considerable accuracy 
the point at which the eye first begins to focus the cross. 
Measure the distance of the screen from the lens, calling 
this distance d^. 

Place the eye once more against the lens and move the 
screen nearer and nearer until the cross ceases to look 
sharp and distinct. Measure again the distance between 
the screen and the lens, calling it d^. 

Repeat both measurements three times with each eye. 

Notice whether, by moving the screen farther or nearer 
than the limits of distinct vision, the horizontal lines 
remain sharp, while the vertical ones become indistinct or 
vice versd. 

The student should record whether this is the case or 
not, and draw his own conclusions as to the astigmatism 
of his eyes. 

In order that the measurements should be trustworthy 
the screen should be well illuminated. This is best secured 
by the student standing with his back towards a window 
or a gas flame and a little obliquely, so that his shadow 
does not fall on the screen. 

Record as follows : — 



Focal length of lens observed . 



16*5 cms. 











1 


1 


Power of 




di 


^ 


Mean Values. 


dl 


d2 


Accommo- 
dation. 


r 


120 


7-7 












Right eye - 

\ 
r 


11-6 
12 

12-5 


7-8 

7-7 

7-7 


11-9 


7-7 


•084 


•130 


•046 


Left eye - 


12-3 
12-4 


7-8 
7-8 


12-4 


7-8 


•081 


•128 


•047 



7 
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Nearest point of distinct vision D, l^f^^^y® ; J^sT' 



42-9 „ 
eye . 49 "9 „ 



Farthest „ „ „ D. {^^f^^^ 

The calculations for the nearest and farthest points of 
distinct vision Dg and Dj, are conducted as follows : — 

If f is the focal length of the lens, l//*is the converging 
power of the lens. Also, if the screen is placed as far 
away as possible, consistently with the image being seen 
distinctly, the divergence of the refracted beam must be 
l/DjL while the divergence of the incident beam is l/</j, 
hence D^ may be found from the relation 

The calculation for Dg is carried on exactly in the same 
way. 

If 8 is the distance between the point O of the eye and 
the retina (Fig. 62), the 'power of the eye as a focussing 

instrument is ]j- + |- or ^ + f according as the eye is 

adjusted for its farthest or nearest point of distinct vision. 

The difference between these two quantities, i.e. jj — ^ 

may therefore be taken as a measure of the power of the 
eye to change its focal length. This is the power of 
accommodation of the eye, entered in the last column of 
the above table. 

Exercise II 

To Meaaure the Magnifying Power of a Lens 

A board ABCD (Fig. 64) is provided, divided by a ledge 
EF, along which two small paper screens, H and K, can 
be moved. LL' is a system of three lenses placed at 
the end of the board, so that its centre stands vertically 
over the centre line of the board. One of the screens, K, 
has two, and the other, H, a number of horizontal lines 
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drawn on it 5 mms. apart. The latter screen serves as 
a scale on which the apparent distance between the 
magnified images of the two lines drawn on the first screen 
is measured. 

For this purpose it is necessary to look with one eye 
through the lens at the virtual image of the first screen, 
while the other observes the second screen directly. 

The left eye being shut, attention should be directed to 
the image of the screen K, seen through the lens with the 



H 



B 




L' 



C D 

Fia. 64. 



right eye, and the screen should be placed as far back as 
possible consistently with the two horizontal lines being 
seen distinctly. Next, the second screen, H, should be placed 
at the further end of the board and observed with the 
left eye. It should then be moved till both screens can be 
seen distinctly at the same time. 

The magnified image of K will be seen to overlap 
the screen H which serves as scale. The experiment consists 
in estimating how many divisions of the scale coincide with 
the apparent interval between the two lines drawn on the 
screen K, The measurement is facilitated by bringing 
the lower line of K into coincidence with one of the lines 
on H. This can generally be done by a slight backward 
or forward movement of H, or by a slight tilting of the 
head to one side. A fairly strong light should fall on the 
screens, and the estimate should be made to one-tenth 
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of a division of the scale on H. The distance of H from 
the eye end of the board should then be measured. 
The numbers obtained are treated as in the following 
example : — 

Apparent size of interval on screen K in 

division of screen H . . . .7*6 units = m' 

Distance of screen H from the eye . .19*5 cms. 

Nearest point of distinct vision Dj, for left 
eye, obtained by previous measure- 
ments 14*8 

Farthest point of distinct vision Di, for 

right eye 42*9 



>> 



j> 



Dj will be the distance of the virtual image of K from 
the lens. 

If the screen H had been placed at the nearest point 
of distinct vision Dg for the right eye, f being the focal 
length of the lenses, the magnifying power w, would have 
been : — 



w = Dj {— + —J see p. 153. 



As the apparent size of the division on H would, in that 
case, have been larger than they appeared in the experi- 
ment in the ratio of c/Dg, where e is the distance of H 
from the eye, and Dg the least distance of distinct vision, 
the observed magnifying power, reduced to the nearest 
point of distinct vision for the right eye, is 

Hence introducing into equation (1) the quantities which 
are known, we have : — 



5-8 = 14-8 Ci + -L'^ 
\f ^ 42 -9^ 



which gives / the focal length of the system of lenses 
used = 2*7. 
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Similar observations should be made with the eyes and 
screens reversed, and the value of / compared with that 
previously found. 

The values may be checked by some method of meas- 
uring the focal length directly, but owing to the great 
thickness of the system used in these experiments, the 
ordinary methods do not give accurate results. 



I 



PART V 

SOUND 
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SECTION XXXI 

The Sonometer 

Apparatus required. — Sonometer, C and D tuning forks 
and small balance. 

The object of this exercise is to study experimentally 
the laws of transverse vibrations of strings or thin wires, 
kept stretched in such a way that the tension remains 
constant during the vibration. 

Definition, — The frequency of a vibration is the number 
of complete vibrations which take place in one second. 

The equation 

^ = 2^ Vm 

gives the relation between the frequency of vibration w. 
the stretching force t, and the mass per unit length m. 

The formula expresses a number of laws which may be 
tested experimentally. 

Exercise I 

If the stretching force remains constant, the 
number of vibrations per second varies inversely 

as the length of the string 

Two wires are stretched on the sonometer board provided 
(Fig. 65), one furnished with a spring balance indicating the 
stretching force, the other provided with a bridge, which 
when placed under it at any point just supports it 

M 2 
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without altering the tension, thus enabling a shorter length 
of the string to be set into vibration. The upper edge of 
this bridge is provided with several notches at different 




Fig. 65. 

heights, and that particular notch should be used, which 
gives the requisite support to the wire without increasing 
the tension. 

Find the lengths of wire which vibrate in unison with 
two tuning forks of known frequencies, and thus see 
how far the first law expressed by the above equation 
is verified by experiment. 

The length of wire in unison with a given tuning 
fork, is found as follows : — A light ring-shaped " rider " of 
paper is wound round the middle of the sonometer wire, 
and the tuning fork is set into vibration. This is 
done by striking the end of the fork on the knee ; it should 
not on any account be struck on the bench. The groove 
at the lower end of the handle of the fork is placed 
against the wire, and the fork is slid slowly along 
the wire, until a position is reached at which the 
rider is thrown into violent agitation. The wire will 
then be vibrating in tune with the fork. The bridge 
is then placed in the position occupied by the handle 
of the fork. Whether the bridge is correctly placed 
may be tested by placing the tuning fork on the bridge, 
or on the sonometer board under the wire, and noting the 
effect on the rider. The length of the wire vibrating 
should then be measured. 

The experiment should be performed three times, the 
mean taken for each fork, and the results entered as in 
the following example : — 
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Fork. Frequency. 

i 


Ratio. 


Length of 
Wire. 


Ratio. 


C 


256 

288 


1-125 


51 *9 cms. 
46-1 „ 


1126 



•001 X 100 
Difference = '001, or — i 125"" ~ *^ P®^ ^®°** 



Exercise II 

For wires of the same length the frequency of the 
vibration varies directly as the square root of the 

stretching force 

Tune the wire attached to the spring balance, so that it 
is in unison with the D fork. This is best done by setting 
the fork in vibration, holding the handle down on the 
sonometer board, and varying the stretching force till the 
rider moves violently. 

Observe the value of the stretching force. Then diminish 
the force till the wire is in unison with the C fork, and 
again read the balance. The observed ratio of the forces 
should be corrected for the error of the spring balance at 
zero, which will be determined subsequently (see p. 167), and 
the results arranged as follows : — 



Fork. 


Fre- 
quency. 


Ratio. 


Stretching Force in lbs. 


\/Force. 


Ratio. 


Observed. 


Zero. 


Corrected. 

20-5 
16-5 


D 
C 


288 
256 


1125 


210 
17 


•5 


4-53 

4-06 


1116 



Difference = '01 = 1 per cent. 
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Exercise III 

For the same frequency, the length varies directly 
as the square root of the stretching force 

Measure the length of wire vibrating in unison with the C 
fork in the last experiment. Diminish the tension to about 
three-fourths of its former value, place the bridge under the 
wire, and find the length of wire which is now in unison 
with the C fork. Lower the stretching force again to 
about half of its original value, repeat the observations, 
and tabulate as follows : — 





Sti'etching force in lbs. 




Ratios. 

•89 
•74 


Lengths 
cms. 


1 




V Force. 


Ratios. 




Observed. 


Zero. 


Corrected. 

16-5 

13-2 

9-0 


T 


17-0 

137 

9^5 


•5 


4^06 
3-63 
3-00 


55-7 
50-2 
41 •S 


•90 
•75 



The differences are chiefly due to the uncertainty of the 
values of the stretching force. 



Exercise IV 

Determination of the frequency of vibration of a 

tuning fork 

If the stretching force and the mass per unit length of 
the vibrating wire are known, the equation given above, 
p. 163, will allow us to calculate the frequency of the 
wire, and hence the frequency of a tuning fork which is 
in unison with the wire. 
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The length of the wire in unison with the C fork is first 
found, as great a length of wire as possible being used, 
and the stretching force is then read off on the spring 
balance. A scratch is made with a file at each end of that 
part of the wire which is vibrating. The length between 
the scratches is carefully measured. The wire^ is then 
taken off, and divided by cutting pliers at the marked 
places ; the piece of wire thus cut off is weighed, and the 
mass per unit length calculated from the length and 
total mass. 

The spring balance should now be taken from its support, 
held vertical, and the reading for no load taken. In the 
example quoted it was found to be '5, and this correction 
was applied to all readings before use was made of them. 

Record as follows : — 



Fork. 


Vibration. 


Stretching force in lbs. 


Length, 
cms. 


Weight, 
grs. 


Observed, 


Zero. 


Corrected. 


C 


256 


17-0 


•5 


16-5 


55-7 


•50 



Whenever a formula is used, which establishes a numerical 
relationship between different quantities, it is important to 
adopt a uniform system of units. 

In the equation 



t, ly and m depend on the unit of length, and if I were 
measured in centimetres, and m taken to be the mass of 
the string per foot of length, a correct result would not 
be obtained. Adopt the centimetre as the unit of length 
throughout. The numerical value of t, the stretching 
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force, depends on the unit of force which, if the ^ 

gram is taken to be the unit of mass, is the dyne. In 

the instrument provided, this force is indicated in terms 

of the pound weight In order to convert this into 

dynes, use is made of the fact that one pound is equal to 

454 grams (see p. 25), and that the weight of one gram is 

equal to a force of 981 dynes. We find thus : — 

t = 16-5 lbs. = 16-5 X 454 X 981 = 7,360,000 dynes. 

m = ^ = -00896. 
65-7 

1 /7350000 1 / 

•*• ^ = 2T557 v^oossr = nn ^J^^mmm 

= 257. 

For a standard C fork the number of vibrations per 
second is 256. 

If two wires of the same material, but of different 
radii, were taken, it might be verified experimentally, that 
for the same stretching force the frequency varies inversely 
as the radius of the wire. 

Show that this fact is in conformity with the above 
equation. 



SECTION XXXII 
Resonance 

ApparatiAS required, — Resonance tube and tuning forks. 

If a tuning fork is held near the open end of a resonator, 
the resonator will resound if the note it can emit is the 
same as that of the fork. If the resonator consists of the 
air within a cylindrical tube closed at one end, the note it 
emits has a wave-length X approximately four times the 
length of I of the tube (see text books), or 

A. = 4^ nearly . . . . (1) 

The relation between the velocity of sound V, the 
wave-length \ ^nd the frequency w, is given by 

V = nA . . . . (2) 

If, therefore, the frequency of a tuning fork is given, 
and the velocity of sound is known, the wave-length \ of 
the note emitted by the fork can be calculated from (2). 

Combining the equations (1) and (2), we obtain the 
relation 

or-J = i .... (3) 
which can be tested experimentally if V and n are known. 
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The velocity V of sound in air depends on the tempera- 
ture, and may be calculated with sufficient accuracy from the 
equation 

V = 330 vrr 



•004^ 



(4) 



when t is the temperature of the air in centigrade degrees, 
and V is measured in metres per second. 

Equation (3) will only be approximate, because equation 
(1) is not strictly true. But it can be proved that we may 
take (3) as sufficiently correct for our purpose, if we 
substitute ^+*8r, where r is the radius of the tube, for ly 
the length of the tube. 

Exercise. 

The cylindrical tube provided, may be moved up and 
down in a glass vessel containing water (Fig. 66), so 




Fio. 66. 
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that the length of the column of air within the tube, and 
above the water, may be altered. The exercise consists in 
adjusting the length Z, till the resonance is strongest, and 
comparing its value with that calculated from equation (3). 
The distance I from the top of the tube to the level of the 
water is measured with the help of beam compasses. The 
length of the tube should be altered and the adjustment 
repeated three or four times. 
Kecord as follows : — 

Fork C, 256 vibrations per second. 

Observed length of resonating column of air 

31 '6 cms. 
31-3 
31-5 
31-6 



Mean . . 31 '5 cms. 

Radius of tube 1*2 cm. .*. 'Sr = 10 cm. 
Corrected length = 32*5 cms. 

Temperature of air = 16° '40. 

hence 

V = 330^1 + ('004 X 16-4) 

= 330 \/l + -065 = 330(1-033) (see p. 15, Sec. II. ) 
= 340*9 metres per second. 
.-. V/4n = 340-9/1024 = '333 metres. 

= 33-3 cms. 



Diflference = -8 cm. = 2%. 

Observations should be made in the same way with the 
D fork, and the results recorded as above. 



I 
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SECTION XXXIII 



Apparatus required. — Magnetoscope, bar magnete, iron 
and steel wire. 

The " magnetoscope " provided (Fig. 67) conaiats of a 
smalt piece of magnetised steel watoh-spnng, gummed on 
a strip of paper, and suspended in a glass bottle 
by means of a silk fibre. The use of the paper 
is to "damp" the oscillations of the magnet 
by the resistance the air offers to its motion. 
Bring a magnet near the instrument and notice 
that after its removal the magnetised spring 
returns to a definite position, such that the end 
marked N points a little west of north, thus 
behaving Hke a compass needle. 

Show experimentally that one end of any 
magnet attracts one end of the needle and 
re]>e1s the other ; and that this action ia not 
diminished by introducing between the magnet 
and the needle, sheets of glass, wood, zinc, Ac. 

Bring a piece of steel watch-spring about 
5 cms. long, which has been hardened by 
heating to redness and quenching in water, 
towards the mt^netoscope. It has little or no effect on 
the needle. Lay the spring on the bench, and magnetise 
it by stroking it once from the middle to the ends aimul-' 
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taneously, with two bar magnets, the one in the right hand 
having the end which attracts the N end of the needle 
downwards, the one in the left having the end which 
attracts the S end downwards. 

Show that after one stroke the right hand end of the 
spring attracts the S and repels the N, and the left hand 
attracts the N and repels the S end of the needle of the 
magnetoscope. 

Repeat the stroking, and show that these attractions 
and repulsions increase with each stroke up to a certain 
point, when the spring is magnetised as strongly as it can 
be with the magnets used. Suspend the spring by means 
of a fine silk fibre, and observe that it sets itself in the 
same direction as the needle of the magnetoscope. 

Calling the ends which point to the north the N ends, 
those which point to the south the S ends, show that like 
ends repel, while unlike ends attract, each other. 

Take a piece of soft iron wire, about '5 mm. diam., and 
about 5 cms. long, which has been well annealed by 
being heated to redness and allowed to cool slowly, stroke 
it with the magnets as before, and show that it acts 
only feebly on the needle. Lay it, pointing east and 
west, on the bench, at some distance from any magnets, 
and tap it sharply several times with a pencil. Show that it 
has now lost its magnetism. 

Take a short bar magnet, a little longer than the needle 
of the magnetoscope, determine which end of it attracts the 
N end of the needle, and lay it alongside and parallel to the 
needle, with that end to the north. Bring one end of the 
soft iron wire nearly into contact with one end of the mag- 
net, and the other end as near as possible to the corresponding 
end of the needle. That end of the needle is strongly 
attracted, and this will still be the case if the wire is 
reversed, thus showing that the end of the wire farther 
from the pole of the magnet, is magnetised in the same way 
as that pole. 
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Remove the magnet, and show that the wire is only 
feebly magnetised. 

Repeat the experiment, this time bringing the end of 
the wire into contact with the end of the magnet and 
notice that the effect is increased. 

This action of a magnet on a piece of iron near it, 
whereby the iron behaves for the time being as a magnet, 
is called Magnetic Induction. 

Replace the iron wire of the above experiments, by a 
hardened steel spring, and notice that the action of the 
steel on the magnetoscope needle is much less intense, 
but that the steel continues its effect when the magnet is 
removed. The iron in the presence of the magnet is more 
" susceptible " of being magnetised than the steel, but the 
steel is more "retentive" of its magnetism than the 
iron. 

The magnetic behaviour of a bar of iron or steel 
may be imitated by placing a closed test tube nearly filled 
with iron filings, between, and in a straight line with, 
two magnets having unlike ends towards each other, 
and rotating the tube about its axis. The iron filings 
become magnetised, and set themselves with their 
greatest lengths along the line joining the poles of the two 
magnets. The tube therefore acts as a magnet, and this 
action continues so long as the filings are not shaken. 
On shaking, the action ceases. 

Show that a piece of iron wire, if tapped or bent in the 
neighbourhood of a magnet, becomes magnetised. 

The fact that magnetic needles point to the north, 
indicates that the earth itself is a large magnet, having 
its N attracting parts in the northern hemisphere, and if 
this is the case it ought to be possible to magnetise a piece 
of iron by simply tapping or bending it. 

Take a piece of unmagnetised iron wire, place it on the 
bench with its length north and south, and tap it or bend it. 
It will be found to be a weak magnet. The same is found 

N 
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if the wire is held vertical, but not if it is placed hoiizontal 
with its length east and west. 

Dip the piece of magnetised watch-spring into iron 
filings, and notice that the filings adhere to the ends only, 
and not to the middle. Break the spring into two pieces, 
and show that filings will adhere to the ends of each piece. 
Place the two pieces together again on a piece of gummed 
paper, and show that the middle no longer takes up 
filings. Explain what conclusion as to the constitution of 
a magnet could be drawn from these observations. 

A body which behaves like iron with respect to magnet- 
ism is called a "magnetic" or "paramagnetic" body. 
Cobalt and Nickel are paramagnetic bodies. 

The student should record in his note-book the experi- 
ments made and their results, giving diagrams of the 
apparatus used. 



SECTION XXXIT 
Magnetic Forces 



Apparatus required, — Bar magnets, small compass, and 
uslin bag with iron filings. 



It is evident from the preceding experiments, that a 
magnetic body in the neighbourhood of a magnet is acted 
on by forces due to that magnet, and that a small compass 
needle placed at any point will set itself in the direction 
of the force at that point. 

It has been proved by experiment, that the action of a 
magnet on a small compass needle, is nearly the same as 
that of two magnetic masses of opposite kinds, situated 
near the ends of the magnet. 

If the magnet is in the form of a long thin wire, the 
magnetic forces appear to emanate from two points known 
as " poles " near the ends of the needle. A magnet for 
which this were strictly true would be called a " simple 
magnet." No magnet we meet with in nature is a simple 
magnet, and the expression "pole," when it refers to 
ordinary bar magnets, is used in a vague sense for the 
region of the magnet, from which " lines of force " (see 
Exercise III.) seem to diverge. 

N 2 
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Exercise I 

To find in a long bar magnet the positions of 
the regions which may be considered the 

Poles 

Place the magnet in the middle of a sheet of paper on 
a drawing board. Draw a pencil line round the magnet 
to mark its exact position, and remove it. 

Place the compass needle on the board and notice the 
direction in which it points when no magnets are near it. 
A vertical plane through the needle is called the " magnetic 
meridian," and the direction in which the head of the needle 
points " magnetic north." 

Replace the magnet and place the compass about 3 cms. 
from one end of it (Fig. 68). Rotate the drawing board till 




Fig. 68. 

the needle is in the magnetic meridian, with its pointed end 
to the north. Mark on the paper close to the compass 
box, the direction in which the needle points, and after 
removing the compass, draw in that direction a straight 
line through the point occupied by the centre of the needle. 
This straight line will be found to cut the geometrical axis 
of the magnet, at a point about -^^ of the length of the 
magnet from the end. Repeat these observations at 
eight different positions round one end of the magnet. 
The eight lines thus determined meet in a region which 
may be called a " pole " of the magnet. 

Repeat the observations at the other end of the magnet 
to obtain the position of the other pole, 
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Measure the distance between the poles and find for 
the magnet used, the ratio of the distance between the 
poles, to the total length of the magnet. 

Exercise II 

To find the direction of the resultant Action of 

two equal and opposite magnetic poles on a 

small magnetic needle placed at any point 

It is explained in text books, that if a magnetic pole 
could be isolated from its accompanying pole of opposite 
kind, it would act on a similar isolated pole with a repul- 
sive force inversely proportional to the square of the 
distance of the poles apart. If the poles are of unlike 
kinds, the force id an attraction following the same 
law. Hence, to find the direction of the resultant force on 
an isolated pole at any point due to the two poles of a 
magnet, we must compound the two forces, one an attrac- 
tion and the other a repulsion, due to the poles. Let A 
and B be the poles of the magnet in the previous experi- 
ment, and let the direction of the resultant force be 
required at a point P (Fig. 69). Join PA, PB. Suppose the 






* 
*" 



A.' 



or 




Fig. 69. 



isolated pole at P to be of the same kind as A. Then the 
force at P due to A is a repulsion, and that due to B is an 
attraction. Produce AP to Fj, and in BP take Fg, making 
PFj and PFo proportional to l/AP^ and 1/BP2 respec- 
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tively. Complete the parallelogram of which PFj and 
PFg are intersecting sides. Let the fourth comer be R. 
Then PR is the direction of the resultant force at P, due 
to the action of the two poles A, B. 

Determine in this way the directions of the resultant 
forces at four points in a line parallel to AB. 

Put the magnet again in position, and place the small 
compass with its centre over one of the points P. Then if 
there were no magnetic forces acting, save those due to 
the poles A and B, the needle ought to set itself along the 
line PR. As the influence of the earth on the compass 
is not very small compared to that of the magnet, the 
drawing board should be turned in making this experi- 
ment, so that the compass needle when at P points to 
the north, as the effect of the earth in disturbing the 
experiment is then least. Even when this is done, it will 
be found that the compass does not set itself accurately 
along PR, and it will thus be seen that the action of a 
magnet is not identical with that of two poles alone. 

Determine in this way the direction of the forces due 
to the whole magnet at the four points selected. 

The student should draw to scale in his note-book a 
diagram of the positions of the four points with respect 
to the magnet, and indicate the directions of the forces 
due to the poles alone by full lines, those due to the 
entire magnet by dotted lines. 

By taking a large number of points, the directions of the 
resultant force due to the poles alone could be found 
all over the paper, and be compared with those found 
as above for the magnet itself, but the method of 
determination would be too long. By making use of the 
fact that iron filings, under the influence of the entire 
magnet, set themselves with their lengths along the 
direction of the resultant force, we can readily determine 
these directions, and thus see the nature of the " field of 
force " due to the magnet. 



SEC3T. XXXIV LINES OF FORCE 183 

Exercise III 

To find the Lines of Force due to magnets in 

various positions 

Take a short bar magnet, lay it on the bench, and 
alongside it place slabs of wood of the same thickness as 
the magnet. Over the magnet and slabs lay a piece of 
paraffined paper, and secure it by weights. Shake 
from the muslin bag a few iron filings onto the paper, 
tap it gently with a pencil, and notice that the filings set 
themselves along certain lines, which are " lines of force." 
When the curves are distinct pass over the paper a 
Bunsen flame to melt the paraffin and fix the filings. 
Compare the curves thus obtained with the drawing 
of the lines of force due to two poles, given in the text 
books. 

Determine in the same way the lines of force between 
two magnets placed in the same straight line, first with 
unlike poles about 5 cms. apart, then with like poles 5 
cms. apart. Also determine the lines between one end of 
a bar magnet and a piece of soft iron 3 cms. from the end, 
with its axis perpendicular to that of the magnet. 

Reduced diagrams of the lines of force in each case 
should be copied into the note-book. 

Examine the curves obtained carefully, and endeavour 
to show from them, that magnetic actions may be explained 
by supposing tensions acting along the lines of force (i.e. 
supposing lines of force to be like elastic bands), and 
pressures at right angles to them. 



SECTION XXXV 
Magnetic Survey of Laboratory 

ApparahLS required, — Magnetometer. 

If a compass needle is suspended, so that it can move 
freely in a horizontal plane about a vertical axis, it comes 
to rest in the magnetic meridian, i.e, in the direction of 
the lines of horizontal magnetic force at the point of sus- 
pension. By placing the needle at different points in the 
laboratory, it is possible to determine whether the lines of 
magnetic force are all parallel to each other. It is 
generally found that this is not the case, owing to the 
presence of iron in the walls, floors, etc., of the room, and 
it becomes of importance to know exactly the direction 
of the lines throughout the room. Since however the 
records of most current-measuring instruments depend on 
the magnitude of the earth's horizontal magnetic force, 
it is advisable to determine at a number of points in 
the room, both the direction and magnitude of this force. 
The direction is determined readily as above, and the 
relative magnitudes of the forces at different points may 
be found, by allowing the magnetic needle to oscillate in 
a horizontal plane, about the vertical axis of suspension, 
observing the times of oscillation and using the fact that 
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the squares of the times of oscillation are inversely 
proportional to the forces acting on the needle. 

Exercise 

The circular box provided contains a magnetised needle, 
which is suspended by a fibre, so that it can oscillate above 
a graduated circular scale placed in the bottom of the 
box (Fig. 70). The zeros of this scale are placed in a 




Fia. 70. 



direction perpendicular to that of the projecting centimetre 
scales. Place the box so that these scales are perpendicular 
to the outer walls of the laboratory. Haise the fibre till 
the needle swings freely over the scale, and after observing 
a few swings, lower the fibre when the needle is near the 
centre of a swing, then raise it again. Kepeat this raising 
and lowering till the swing is entirely stopped, then raise 
the needle and read both ends, noting whether the north 
end is east or west of the zero of the scale, and take the 
mean of the readings on both sides. 

Set the needle oscillating and count the time of ten 
complete oscillations. Repeat the observation three times 
and take the mean. 

Determine in this way the directions and relative 
magnitudes of the magnetic force at the points marked 
1, 2, 3, 4, on the plan of the laboratory on the 
screen. 
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Arrange the results as follows : — 



Position. 


Direction. 


Time of TibrRtion. 


1 
Ta 


1 


10*^ E 


7*75 seconds 


•0166 


o 


irE 


8-25 „ 


•0147 


3 


19" E 


7-8 „ 


•0164 . 


4 


3'*E 


7-75 „ 


•0166 



SECTION XXXVI 

Determination of the Magnetic Moment of a 
Magnet ajid the Intensity of a Magnetic Field 

Apparatus required, — Magnetometer, magnet, and vibra- 
tion box. 

Exercise 
Vibration Experiment 

Suspend the magnet horizontally, by means of a fibre, 
in the box provided (Fig. 71), and see that it 
can oscillate freely in a horizontal plane. T^ 

Determine the number of seconds the magnet 
takes to perform ten complete oscillations, and 
divide by 10 to get the time of one oscilla- 
tion. Take three observations and let T be 
the mean time of one oscillation. 

The value of T depends : — (a) on the dimen- 
sions of the magnet, (6) on the intensity H Fia. 7i. 
of the earth^s horizontal field, (c) on the 
intensity of magnetisation of the magnet. Tlie relation 
between these quantities can be put into the form 




rj. 

V MI 



'r = 2'-MH 



where M is called the magnetic moment, and I depends 
solely on the shape and mass, and is called the moment 
of inertia, of the magnet. In the case of a rectangular bar 
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if m is the mass, 2a the length, and 26 the breadth, the 
moment of inertia may be proved to be 

I = m— 3— . 

Tlie magnetic moment of a simple magnet, having two 
points as poles, is equal to the product of the strength of 
each pole and the distance between them. In the case of 
bar magnets we must content ourselves with the experi- 
mental determination of the magnetic moments. 
From the above equations we deduce 

MH = t^ 

in which M and H are unknown, I may be calculated, 
and T is found by observation. 

Exercise 
Deflection Experiment 

Adjust the magnetometer provided so that the needle 
vibrates freely above the graduated circle. Rotate the 
box till the needle comes to rest over the zero divisions. 
The line joining them will then be in the magnetic meri- 
dian, and the projecting scales on the box will point mag- 
netic east and west. 

Place the bar magnet, of which the time of vibration 
has just been found, on the scale projecting to the west, 
with its north end pointing towards the circular box. 
The magnetometer needle will be deflected out of the 
magnetic meridian. Bring it to rest by lowering 
and raising the fibre. Vary the position of the 
magnet till the deflection is about 45, then take readings 
of each end of the magnet and of the magnetometer needle. 

Now reverse the magnet on the scale, placing it at the 
same scale readings. The direction of deflection of the 
needle will be reversed. Read the deflection. 
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Remove the magnet from the west, and place it at 
the same distance to the east of the box. 

Take readings, reverse the magnet, and again take readings. 

Find the mean distance d of the centre of the deflecting 
magnet from the suspended needle by measuring the 
distance between the scale readings at which the ends of 
the magnet nearer the needle were placed, adding the 
length of the magnet and halving. 

Take out the tangents of the angles of deflection ob- 
served, and find the mean. 

If M is the magnetic moment of the magnet, 21 the 

distance between its poles, which may be assumed for the 

purpose of the present exercise to be five-sixths of the 

length of the magnet, H the horizontal intensity of the 

earth's magnetic force, and tan 6 the above mean, it may 

be shown that : 

M {cP- P)\ ^ 

From the value of M/H thus determined, and the 
value of MH previously found, the values of both M and 
H can be calculated. 

Arrange observations and results as follows : — 

Vibration Experiment 

Length of magnet = 6 cms. .*. a = 3 and a^ = 9*0 
Breadth,, „ = 0-48 „ .-. 6= -24 h^ = -06 

. •. JCa** + 62) ^ 3-02 



Mass ,, ,, = 11*06 grams. 



-|(a2 + 6^) = 33-4. 



Times of vibration = 7*02, 7*0, 6*98 seconds. 

Mean = 7*0 seconds. 

4ir« _ 4 X 9-87 _ 39-48 _ 

r^ " 49 " "49" ~ '^^ 

,\ MH = 33-4x •806 = 26-8. 
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Defleotion Experiment 



FoBition of Magnet. 


Pointer Readings. 


Deflections. 


r 


Mean 
tantf. 


EndR. 


Middle. 


Black. 


Wliite. 


Black. 


White. 


Mean. 


N. 


8. 


•«-• 








Zero 





2° -6 












110 


170 


14-0 West 


43" -2 


45" -4 


43" -2 


42" -9 


43" 


•93 




17 


11-0 


14-0 „ 


-43 


-40-4 


43-0 


42-9 


42-9 


•93 


•925 


17 


110 


140 Kaat 


42-8 


45-2 


42-8 


42-7 


42-8 


•92 




11-0 


17-0 


14-0 „ 


-42-7 


-40-2 


42-7 


42-7 


42-7 


•92 





Hence 



d = 14cms. .-. fP=:l9Q 
I =|(.3)=2-5 .•. P = 6 

2rf = 28 rf« - ^ = 190 

g = «x^ =1193. 



^5 27-6 



H = 157 



M 



and M' = MH. g = 276 x 1193 = 32820, 

,-. M = 181. 
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SECTION XXXVII 

Exercise 

Action of Currents on Magnets 

Apparatus required, — Simple cell, compass box, con- 
necting wire, and connectors. 

Two plates of copper and zinc and a jar are provided 
(Fig. 72). Half fill the jar with very dilute sulphuric acid. 




Pia. 72. 

and insert the plates, taking care that the acid does not 
touch the upper part of the plates where the wires are 
attached, and that the plates do not touch each other. 
Connect the terminals of the cell thus formed, by means of 
" connectors," to the ends of a piece of thin copper wire 
about a metre long. 

(a) Single Horizontal Current . 

Place the small compass on the table, taking care that the 
wire from the cell does not pass near it. Rotate the 
compass box till the pointed end of the needle comes over 





.;+ *: "v--^ipmr,"^ TH^aTTT t.~. Z! 
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Zis«-nme*iii jnu -eini jc "ritr 'v:!?? iriiit laii^ «iL place 
:iu? -irx* iit 2 ^ta;^'^ 3t Jk ^««f j£ w»w*L and liie 
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meridian, and in the horizontal plane through the needle. 
Notice that the current now appears to have no effect on 
the needle. 

Record these observations, and show that they are all 
in agreement with the above rule. 

(b) Single Vertical Cv/nrent. 

Pass the wire through the vertical hole in the stand 
provided, and arrange it so that some length of it, both 
above and below the hole, is vertical. Place the compass 
needle so that its centre is close to, and west of the wire, and 
its north end over the N mark of the dial. Connect the 
ends of the wire to the cell, and observe the position of the 
needle. Repeat the observations with the centre of the 
needle, east, north, and south, respectively, of the wire, 
showing that where deflections of the needle are observed, 
the deflections are reversed on reversing the connections at 
the cell. 

Show that the observations can be explained by the 
fact, that the earth's magnetic force tends to set the needle 
in the magnetic meridian, and that it is the resultant of 
this force and the force due to the current, which deter- 
mines the direction of the needle. Draw diagrams, showing 
in each case, (1) the direction of the force on a north pole 
due to the current, (2) the direction of the force due 
to the earth, (3) the resultant force on the supposition 
that the magnetic force due to the current is equal to 
that due to the earth. 

(c) Multiple Currents, 

Place the wire again in the horizontal groove and the 
compass over it, and determine the deflection of the needle 
due to the current in the wire, when the other parts 
of the circuit are at some distance. Now double the wire 
so that a length of it passes back over the compass. Notice 

o 2 
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that the deflection of the needle is increased, and that by 
arranging the wire so that it passes twice under and twice 
over the needle, the effect is again increased. By winding 
a wire a great number of times in this way about a 
magnetic needle, an extremely small current can be detected. 
The unit in which electric currents are measured is the 
" Ampere." Its value is such that the intensity of the 
magnetic field produced by a unit current flowing round a 
circular wire of radius r is, at the centre of the circle, 
equal to 7r/5r. 

(c?) Galvanometers, 

An instrument in which the action of a current on a 
magnet is used to measure the strength of the current, is 
called a galvanometer. 

It can be shown that if the wire of a galvanometer is 
sufficiently far away from the magnetic needle, and the 
instrument is placed with the plane of the wire in the 
magnetic meridian, the current required to produce a 
given deflection of the needle, is proportional to the tangent 
of the angle of deflection. A galvanometer which satisfies 
this condition is called a "tangent galvanometer." It 
serves to compare the intensity of electric currents, and 
if the radius of the wire and the number of turns are 
known, the current may be measured in " Amperes." 



SECTION XXXVIII 

The Voltaic Cell and Tangent Galvanometer 

Apparatus required, — Two Leclanch^ cells, tangent gal- 
vanometer, resistance coils, and connecting wires. 

Each voltaic cell possesses a certain Electromotive 
Force, which depends on the nature of the materials 
composing the cell, that is on the nature of the liquid 
and of the plates, but not on the shape of the plates or 
their positions in the liquid. Thus, two cells composed of 
plates of copper and zinc in dilute sulphuric acid would 
have the same Electromotive Force, although one cell 
might have plates twice as large as the other, or twice the 
distance apart. 

The unit in which electromotive forces are measured is 
called a " Volt." 

The current which a cell can send through a circuit, 
depends on the Electromotive Force driving the current, 
and on the Resistance which the circuit opposes to the 
passage of the current. This Resistance is the sum of 
two, that offered by the cell itself, and that offered by 
the circuit outside the cell. 

By Ohm's Law, the current generated is equal to the 
Electromotive Force in the circuit, divided by the resist- 
ance of the circuit. If we call E the Electromotive Force 
of the cell, B its resistance, called the " internal resistance," 
R the resistance of the rest of the circuit or the " external 
resistance," and C the current generated, then 

C = E/(B + R). 

If the cell were of the simple kind used in the experi- 
ments in the previous paper, B would be nearly propor- 
tional to the distance of the plates apart, so that by 
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decreasing thia distance, the current which the cell would 
send through any circuit could be increased. B would 
also be nearly inversely proportional to the area of the 
plates, so that by increasing the size of the plates the 
current in the circuit would again be increased. 



To Determine the Internal ResiBtance of a Cell 

The coil of the small tangent galvanometer provided 

(Fig. 73) consists of three or four turns of wire. The 




I the middle of the coil by a long 

ailk fibre. To the needle are attached a paper "damper" 
and a pointer coloured black iit one end and white at 
the other. The angles through which the pointer ia de- 
flected are read off on a scale graduated in degrees. Place 
the galvanometer on the bench in such a position, that 
the needle is in the plane of the coils, and the pointer 
therefore at right angles to that plane. Adjust the 
levelling screws till the needle vibrates freely. Rotate 
the galvanometer till qne end of the pointer reads zero, 
and read the position of the other end. 
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The Leclanch^ cell provided is composed of a zinc and of 
a carbon rod dipping into saturated solution of ammonium 
chloride. Connect one terminal of the cell to one end of 
the resistance coil provided, and marked " 2 ohms." Connect 
the other terminal of the cell, and the other end of the 
resistance coil, to the terminals of the galvanometer. 

When the pointer has come to rest take readings of 
each end. Call these the zero readings. 

Interchange the connections at the cell, so that the 
current now passes through the galvanometer in the opposite 
direction, and take readings again. Now disconnect the 
resistance coil from the wires and connect the free ends of 
the wires together. Again take readings. Reverse the 
cell once more and take readings. 

Repeat the observations with the coil in circuit. 

Disconnect the cell, and take readings of the zero of the 
galvanometer. These ought to coincide with the previous 
readings. 

Record the observations as follows : — 



Galvanometer No. 3. 




Cell No. I. 




Coil No. 4 


'm 




• 


Readings. 


Angles of 


Deflection. 




Mean 
with 
coU 


Experi- 
ment. 


Deflec- 
tion. 








Tan- 
gent 


White Black 

1 


White' Black 


Mean 


Mean 


Zero . . 








2 














With coU j 


Clockwise. 


47 


46 


47 


48 


47-6 


] 






Counter- 
clockwise. 


48 


61 


48 


49 


48-5 


U80 


111 




Without / 

coil . ,y 


Do. 

Clockwise. 


66 
65 


67 
64 


66 
65 


65 
66 


65-5 
65-5 


165-5 


2-19 


109 


With coil 


Do. 


46 


45 


46 


47 


46-5 


147-0 






Counter- 
clockwise. 


47 


50 


47 


48 


47-6 


107 




Zero . . 








2 
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If R is the resistance of the coil, B that of the cell, 
connecting wires, and galvanometer, in the experiment with 
the coil in circuit we have : — 

E 
Current with coil in circuit = 



B + R 
In the experiment without the coil we have similarly: — 

E 

Current without coil = g* 

Dividing these two equations by each other we get — 

Current without coil B + R R 

Current with coil "" B == ^ "^ B* 

The ratio of the currents observed is equal to that of 
the tangents of the angles of deflection, hence, substituting 
the values of the tangents from the table, we have : — 

219 R 

109" ^ "^B 

RllO 
•*B~l-09 

...B = r|^= -99^ 
110 

Hence, the value of B can be found if that of II is 
known. 

The unit in which resistance is measured is the " Ohm," 
and the coil R has a resistance of 2 ohms. Hence 
B= 1-98 ohms. 

As the resistance of the galvanometer and connecting 
wires is extremely small compared to that of the cell, 
we may take B to be the resistance of the cell. 

Repeat the above observations with another cell. 

Next connect the two cells in series, t.e., connect the 
carbon of one cell to the zinc of the other, and determine 
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the resistance of the combination, using as external 
resistance two of the 2 ohm coils connected in series. 

The resistance of the cells in series should equal the sum 
of the resistances of each cell. 

Now connect the two cells in parallel, i,e., connect the 
two zincs together and the two carbons together, attaching 
one of the wires from the galvanometer and resistance to 
the zincs, and the other to the carbons, and determine the 
resistance of the combination. In this experiment use the 
1 ohm coil provided. 

The resistance of the cells in parallel is about half that 
of each cell. 

Numerical Exercise. — Find, by calculation which is 
the better way to connect two similar cells, each having a 
resistance of 2 ohms, in order to get the greater current, 
when the resistance in the external circuit is 1, 2, 4 ohms 
respectively. 



SECTION XXXIX 

Measurement of Resistances by the Wheatstone 

Bridge 

Apparatus required, — Wheatstone's bridge, astatic gal- 
vanometer, Leclanch^ cell, resistance coils, and connecting 
wires. 

Currents in Multiple Circuits 

When the current can proceed along two or more paths, 
between any two points of a circuit, it divides, and part of 
it goes along each path. If R^, Rg, <Sz;c., are the resistances 
of each of the paths, l/Rp 1/R2> <fec., are called the 
'^ conductances " of the paths, and the current along each 
path is proportional to the conductance of that path. The 
conductance of the paths together is equal to the sum of 
the conductances of all the paths, and the fraction of the 
total current, passing through any single conductor, is equal 
to the conductance of that wire, divided by the sum of the 
conductances of all the wires. 

These statements may be proved as follows : — 
Ohm's Law, applied to a length of wire through which a 
current flows, and in which there is no electromotive force, 
states that the current is equal to the difference of potential 
between any two cross sections, divided by the resistance 
between the same sections. Thus, if two points, A and B, 
having a difference of potential V, are joined by a number 
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of wires having resistances R^, Rg* ®*^-> ®^^ ^^ *^® currents 
through these wires are C^, Cg, etc., respectively, we have 
the equations 

Ci = V/Rj, Ca = V/Ra, C3 = V/R3, etc. 

Calling the conductances K^, Kg, etc., the equations 

become 

Ci = KiV; Cj = KaV; C3 = K3V; etc. 

Hence the currents through the separate wires are pro- 
portional to the conductances. 

Adding up the equations, remembering that the whole 
current C is equal to the sum of the currents Cp Cg, C3, 
flowing through the separate wires, we find 

C = (Ki + Ka + K8+ . . . . )V. 
Hence 

Ci/C = Ki/(Ki + K, + K3 ....). 

If we had a single wu^, such that with the same 
difference of potential V between its ends, the same 
current C would flow through it, the conductance K 
would be given by the condition 





C = KV. 


Hence 






K = Ki + K, + K3 + 


and 






1 1.1,1. 




T>~-D +T> "^TD + 




R R^ R2 R3 



where R is the resistance of the single wire. 

Example. — A Leclanch^ cell, having an EMF of 1*47 
volts (a volt being the unit of Electromotive Force or 
difference of potential) and an internal resistance of 
2 ohms, has its terminals connected by each of two wires of 
resistance 1 and 2 ohms. Find the total current flowing 
from the cell and the current in each wire. 
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Wheatstone's Bridge 

Let a cell C be connected to the system of wires ARj, 
BRg so that between the points A and B the current 
proceeds along the paths ARjB, ARgB (Fig. 74). 




Then a certain difference of potential exists between the 
points A and B, and if we suppose A to be at a higher 
potential than B, the potential will vary along each of the 
wires AR^B, ARgB from its value at A to its value at B. Let 
Rj be a point on the wire AR^B. Then there must be 
some point on the wire ARgB, which is at the same 
potential- as Rj, and if the terminals of a galvanometer 
were connected to Rj and to the point on the other wire at 
the same potential, there would be no current through the 
galvanometer. LetRgbe the point at the same potential asR^, 
and let us find the relation between the resistances of ARj 
and BRj, ARg and BRg in order that this may be the case. 

By Ohm's law, we know that the EMF or difference of 
potential, between any two points in a conductor carrying 
a current, is proportional to the resistance of the conductor 
between the two points. 



( 
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Hence we have 

difference of potential between A and Rj __ resistance of ARj 

do. A and B "* do. ARjB 

Similarly 

difference of potential between A and R^ _ resistance of AR^ 

do. A and B "" do. AR^B 

Now, if Rj and Rg are at the same potential the fractions 
on the left sides of these equations are equal. Hence^ 
equating the right members, we have 

resistance of AR^ _ resistance of ARj 
do ARiB ~ do AR^B' 

from which it follows that 

resistance of AR^ _ resistance of AR, 
do. R^B" do RJB' 

Hence, if we know the ratio of the resistances of ARg 
and R2B, and find that a galvanometer connected to Rj 
and Rg gives no deflection, we know also the ratio of the 
resistances of ARj and R^B. 

The Astatic Galvanometer 

In the tangent galvanometer, it was seen that the force 
due to the current passing through the coil and tending to 
deflect the needle from the magnetic meridian, was opposed 
by the force on the needle due to the magnetism of the 
earth. If by any means we cpuld diminish the force on the 
needle due to the earth, then with the same current flowing 
round the galvanometer coils, we should get a greater deflec- 
tion, that is our galvanometer would be more sensitive. 
In the astatic galvanometer this is secured by attaching 
the needle within the coil, rigidly to another needle nearly 
like it, outside the coil, with its poles turned the opposite 
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way. The forces on the needles due to the earth, act in 
opposite directions, and it is only the difference between 
these forces, which now opposes the deflection of the needle. 
On the other hand, by the fundamental laws given in Sect. 
XXXVII., the forces due to the current tend to produce 
rotations in the same direction. The galvanometer is thus 
rendered much more delicate, and the needle moves when a 
very small current passes through the coils. 

Exercise 
The astatic galvanometer provided (Fig. 75) is to be ad- 
justed by means of the levelling screws, till the upper needle 




moves over the small scale between the stops. The motion 
must be quite free. The brass handle under the base enables 
the middle division of the scale to bo brought under one 
end of the upper needle. When this is the case the coils 
are in the magnetic meridian. 

Connect a Leclanch^ cell through a plug bey K to the 
screws A, B of the Wheatstone bridge (Figs. 75 and 76). 
The plug must be taken out when observations are not 



SECT. XXXIX 



THE WHEATSTONE BRIDGE 



207 



being made. In the gap P place the 1 ohm resistance 
coil provided. In Q place a piece of No. 34 copper wire 
1 meter long. Connect one terminal of the galvanometer 
to G, and attach to the other terminal a wire C, the end 
of which is inserted in a cork in such a way, that by 
holding the cork in the hand, the end of the wire can be 
brought into contact with the wire of the bridge. 




Insert the plug K, and make contact with C about the 
middle of the bridge wire. The needle of the galvano- 
meter is deflected. Move C along the wire till this 
deflection is reduced to zero. On making or breaking 
contact at C, no effect should now be observed on the 
needle. Take the reading of C on the scale under the 
wire. Repeat this determination three times, and take 
the mean of the readings. 

Let X be this mean. Then if the bridge wire is 
uniform and 100 divisions long, the resistances of the two 
parts, AC and CB, are in the ratio a; to 100 — a;. 

If P is the resistance of the coil, Q that of the wire, we 

have then 

Q _ 100 - a? 

P" X 

or 



«-K'-?-> 



If P is known this gives the value of Q. 
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The resistance of a wire of length I, and diameter d, is 
proportional to Z, and inversely proportional to d\ and 
depends, in addition, on the material of the wire. 



The quantity 



Resistanc e x cro ss section 
length 



is called the specific 



resistance of the material of the wire. It represents the 
resistance of a cube of the material of 1 cm. edge. 

Take a piece of No. 29 platinoid wire, 30 cms. long, 
and place it in one of the gaps of the bridge, and deter- 
mine its resistance. 

Similarly determine the resistances of 15 cms. of the 
same wire, and of 30 cms. of No. 25 wire, and 40 cms. of 
No. 34 iron wire. 

From the observed resistances and the dimensions of 
the wires calculate the specific resistances, and tabulate as 
follows : — 

Bridge No. 2. Galvanometer No. 4. Coil No. 5. 

Resistance of coil =1*02 ohms = P. 



Wire. 


a 


Resistance wire 


Resist- 
ance of 
wire. 


cms. 

diameter 

of wire. 


Gross 
section 
of wire. 


Resist X section 


do. coil 


length. 


100 cms. copper 
No. 34. 

30 cms. platinoid 
No. 29. 

15 cms. do. 

30 cms. platinoid 
No. 25. 

40 cms. iron . . 
No. 34. 


74-3 


•346 


-353 


•023 


*00043 


•000,001,4 



It will be evident from the observations, that the 
specific . resistance of platinoid is considerably greater than 
that of copper. 



SECTION XL 

Comparison of Electromotive Forces 

Apparatus required, — Astatic galvanometer, wire 
stretched on scale, a storage cell, other cells, a key, and 
connecting wires. 

We have seen that when a current passes along a wire, 
any two points of the wire have a difference of potential, 
which is equal to the product of the current passing 
through the wire, into the resistance of the wire between 
the two points. Suppose we have a cell, the EMF of 
which is equal to this difference of potential, and we 
connect the negative terminal to some point of the wire. 
The terminal of the cell, and the connecting wire attached 
to it, are then at the same potential as the point of the 
original wire with which the connecting wire is in contact. 
In that direction along the original wire in which the 
potential rises, a point can be found which has the same 
potential as the positive terminal of the cell. If we con- 
nect the positive terminal with this point by means of a 
wire, no current flows along the connecting wire through 
the cell, since the two ends of the wire are at the 
same potential, but if the connecting wire be made to 
touch any other point of the original wire, a current flows 
through the cell, the direction of the current depending 
on the side of the former point at which contact is made. 
If the current passing through the original wire, and the 
resistance of that wire, between the points at which the wires 
from the cell make contact without deflection, are known, 
the product of the two is the EMF of the cell. If the cell be 

p 
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replaced by another having a different EMF, the distance be- 
tween the points of contact of the connecting wires will be 
different, and if the current through the wire is the same 
in the two experiments, the ratio of the lengths of wire 
between the points of contact in each experiment, *will be 
the ratio of the electromotive forces of the cells. 

Exercise 

A thin platinoid wire AB is stretched along a gradu- 
ated scale, and the ends of the wire are connected 
through a plug key K to the terminals of a storage 
cell C (Fig. 77). Care must be taken to ascertain, that the 

stretched wire is of a 
sufficiently high resist- 
ance to prevent the 
storage cell from send- 
ing too large a current 
through it, and running 
down rapidly. The 
plug K must be in- 
serted only when an 
observation is being 
made. 
The Leclanch^ cell D, which is to be tested, is placed 
in series with an astatic galvanometer G, in such a way 
that the negative pole of the cell (the zinc) can be con- 
nected by means of the wire E to that end of the stretched 
wire which is connected to the negative pole of the 
secondary cell (the pole painted black). The wire F, 
attached to the galvanometer, can also be brought into 
contact with the stretched wire. 

Bring E into contact with the end of the stretched 
wire, and find a point along the wire with which F may be 
connected, without the galvanometer needle being deflected. 
Take the reading of the point. Now place E at the division 
10, and repeat the determination. Similarly with E at 
20, 30, etc., till F reaches the other end of the scale. 



^ 



Fig. 77. 
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Now substitute for the Leclanch^ a Daniell cell, and go 
through the same series of observations. Replace the 
Leclanch^, and repeat the original observations. 

The object of this repetition is to eliminate errors due 
to a possible decrease of the current from the storage cell 
during the experiment. The point E is moved along the 
stretched wire, so as to get rid of errors due to the want 
of uniformity of the wire, since we are about to assume, 
that the resistance of the wire between any two points is 
proportional to the distance between the points, and this 
is only true if the wire is uniform. 

Tabulate the observations as follows : — 



Wire No. 2. 


Storage cell No. 4. 


Galvanometer No. 1. 


Cell. 


Reading E. 


Reading F. 


Difference. 


Mean. 


Leclanche 


Ocms. 


70.2 cms. 


70*2 cms. 




No. 3. 


10 


79-8 


69-8 






20 


901 


701 






30 


99-9 


69-9 


70-0 


Daniell 





55-0 


55 




No. 5. 


10 


64-8 


54-8 






20 


751 


551 






30 


83-9 


53-9 






40 


92-8 


52-8 


54-3 


Leclanche 





710 


71-0 




No. 3. 


10 


80-8 


70-8 






20 


910 


71-0 






30 • 


100-7 


70-7 


70-9 



EMF Leclanche _1P'^ 
EMF Daniell ~ 543 



= 1-29. 



If time allows, take observations for a simple cell of 
zinc and copper in dilute sulphuric acid, and then again 
for the Leclanche cell, giving the whole of the observations 
and results in tabular form as above. 

p 2 



SECTION XLI 

The Peissage of Currents through Electrolytes 

Apparatus required, — ^A water voltameter, storage cells, 
and a tangent galvanometer. 

When an electric current is sent through certain liquids, 
they are decomposed, one of the constituents appearing at 
each electrode. Such liquids are called electrolytes. The 
amount of decomposition produced is proportional to the 
amount of electricity sent through the liquid, a relation 
which is known as Faraday's first law of electrolysis. If a 
current C flows for t seconds, the amount of electricity 
which has passed in the time is C^, and if m grams of the 
electrolyte are decomposed we have 

when K is a constant depending on the nature of the 
liquid. 

Exercise 

The electrolyte to be decomposed in the present exercise 
is water, to which a little acid has been added to render 
it conducting. The water is placed in a U-shaped glass 
tube provided with two platinum electrodes through 
which the current enters and leaves the liquid. The gas 
which ascends from one electrode collects in the closed 
limb of the tube, and its volume is indicated by the 
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graduations on the tube or on the stand. Such an arrange- 
ment is called a water voltameter (Fig. 78). 

To verify that the amount of gas liberated is propor- 
tional to the product of the strength of the current, into 
the time for which it has passed, connect the voltameter, 
two storage cells, a tangent galvanometer, and a 2-ohm 
coil in series, inserting a plug key as a convenient make 
and break. In order that the hydrogen may collect in the 
closed tube, the platinum foil in that tube should be con- 
nected to the black terminal of the storage cell. Take the 




Fig. 78. 



reading of the zero of the galvanometer. Insert the key, 
and observe whether the deflection on the galvanometer is 
readable, and the rate of production of gas such as to 
allow the time that the current takes to fill the tube to 
any given mark to be determined conveniently. Increase 
or decrease the resistance in circuit till this is the case. 

Take the time at which the gas reaches the upper mark, 
then read the galvanometer, observe the time at the 
second mark, read the galvanometer again, and take the 
time again at the third mark. As the column in the closed 
tube reaches each mark, measure the difference of level 
of the liquid surfaces in the two tubes, and connect the 
volumes of the closed tube down to the three marks, 
for the water pressure due to this difference of level, then 
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subtract the corrected volumes to find the volumes gener- 
ated during each interval. 

Take the tangents of the angles of deflection on the 
galvanometer, multiply by the time which the current has 
taken to generate the volume of gas between the marks, 
and show that the two products are proportional to the 
volumes generated. 

If the nature of the gas collected in the closed tube is 
known, the above experiment may be used to determine 
the constant of the tangent galvanometer used, i.e., to 
determine the multiplier which converts the tangents of 
the angles of deflection into amperes. 

Let, for example, the gas in the above experiment be 
hydrogen. Then since 1 ampere flowing for 1 second 
liberates '118 c.c. of hydrogen at 76 cms. and 18° C, and 
the volume generated in a given time has . been observed, 
the current which passed can be found, and by comparison 
with the tangents of the angles of deflection, the current 
which would give a deflection of 45° can be calculated. 



PART vm 

ELECTRIC CHARGES 



SECTION XLII 

Electrification 

Apparatus required. — Glass and ebonite rods, rubbers, 
electroscope, electrophorus, insulated spheres, and cans. 

Before commencing this exercise, students should make 
themselves familiar with the elementary laws of electrical 
attraction and repulsion, explained in text books. 

The experiments are to be performed in the order given 
in the paper, the distribution of the electric charges at 
the different stages shown by diagrams in the note-books, 
and reasons given for the effects which are observed. 

Before commencing, the glass and ebonite rods and the 
rubbers should be dried. 

I. Electrification by Friction 

a. Rub a glass rod with silk, and hold it over some 
small pieces of paper on the bench. They are attracted, 
showing that the rod is electrified. 

b. Rub an ebonite or a sealing wax rod with flannel, and 
show that it is electrified. 

c. Suspend an electrified glass rod horizontally by means 
of the silk thread provided, and show that another electri- 
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fied glass rod repels it. Similarly two electrified ebonite 
rods repel each other. 

d. Show that an electrified ebonite rod attracts an 
electrified glass rod more than an unelectrified ebonite rod 
does. 

II. Electroscope 

The electroscope provided (Fig. 79) is surrounded by a 
metal case, in order that the leaves may be affected as 
little as possible by electrified bodies in the 
neighbourhood. 

a. Charge the instrument by bringing an 
electrified glass rod into contact with the plate. 

b. Bring an electrified glass rod towards the 
plate without touching it, then remove it again. 

Fia. 79. Record what takes place. 

c. Bring a strongly electrified ebonite rod towards the 
electroscope. If the charge given to the electroscope was 
not too large, the leaves will collapse and again diverge. 
Remove the ebonite, and discharge the electroscope by 
touching the plate with the hand. 

d. Bring an electrified glass rod near but not touching 
the plate of the discharged electroscope. Touch the plate 
with the hand and then remove the glass rod. The leaves 
diverge. Explain the reason for this. The electroscope is 
said to have been charged by " Induction." 

e. Bring a charged glass rod towards the plate of the 
electroscope ; the leaves will collapse and again diverge. 
Bring a charged ebonite rod towards the plate, and the 
leaves diverge further. 

Compare these observations with those of b and c, and 
give the reason for the difference. 
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III. ElectrophoruB 

a. Charge the electroscope by touching it with an 
electrified glass rod. 

h. Excite the ebonite disc of the electrophorus 
(Fig. 80) by rubbing it with flannel. Place the 
plate on the ebonite, touch it with the finger, 
and then raise it by means of the insulated 
stem. 



Fia. 80. 



c. Bring the plate of the electrophorus near to that of 
the electroscope. The leaves of the electroscope diverge 
further. If the ebonite disc be brought near the electro- 
scope plate, the leaves collapse and again diverge. Give 
the reason for these results. 



IV. "Induction 



f» 



a. Place two uncharged insulated brass knobs in con- 
tact. Bring the charged plate of the electrophorus near 
one of them. Without touching the knobs separate them 
while the electrified plate is near, and show by bringing 
them in succession near the plate of the charged electro- 
scope, that they are charged differently. 

h. Bring the knobs into contact, and show that neither 
has now any effect on the electroscope. 

c. Discharge the electroscope, and place the can with 
which you are provided, on a block of paraffin, and by 
means of a thin wire connect it to the plate of the 
instrument. 

d. Charge, the electrophorus, and bring the plate 
gradually down into the can. The divergence of the 
leaves continues to increase till the plate is well within 
the can, and then remains the same even if the plate b^ 
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made to touch the inside of the can. If the ebonite disc 
of the electrophorus be brought similarly into the can, the 
leaves diverge as before. 

e. Charge the electrophorus, but leave the plate in 
contact with the ebonite, and bring the two together into 
the insulated can. No effect is produced on the electro- 
scope, showing that although both the ebonite and the 
plate are charged with electricity, the external effects of 
the charges neutralise each other. 

On account of this property of neutralising each other, 
which the different kinds of electricity possess, one is 
called " positive " and the other " negative " ; glass, when 
rubbed with silk is said to be positively, ebonite rubbed 
with flannel, to be negatively, electrified. 

When electricity is generated by friction, equal quantities 
of positive and negative electricities are produced. 

This can be proved by connecting a can, containing a 
smaller insulated can in which an ebonite rod can rotate 
against cat skin, to the plate of the electroscope. 

If the ebonite is rotated, electricity will be produced by 
friction, but as long as the ebonite remains in the inner 
can, the leaves of the electroscope remain at rest. They 
diverge if the rod with its negative charge is withdrawn. 



SECTION XLIII 

Potential and Capacity 

Apparatus required, — Electroscope, insulated metal 
plates and glass plate. 

Before commencing the experiments, students should 
read the account of Potential and of Capacity given in 
some text book. 

I. Potential 

The divergence of the leaves of the electroscope depends 
on the difference of potential between the leaves and the 
surrounding case. 

Place the electroscope on an insulating stand (a cake of 
paraffin), connect the plate and case, and charge by bring- 
ing the plate of the electrophorus into contact with that 
of the electroscope. Although a large charge is given to 
the electroscope, no divergence of the leaves occurs. 

Disconnect the plate and case, touching each to dis- 
charge them completely. 

Give a succession of charges to the case, and observe 
that the leaves diverge. Stop the charging when the 
leaves are slightly diverged, touch the plate of the electro- 
scope, and observe that the leaves diverge further, 
although the hand is in contact with the plate of the 
electroscope. Explain the cause of this by a diagram. 
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Remove the hand, and discharge the case by touching 
it. The leaves collapse partially. Discharge them more 
completely by touching the plate. 

Place an inverted metal can on the top of the electro- 
scope, so that the plate of the instrument is almost entirely 
surrounded by metal. Repeat the above experiment, and 
notice that a strong charge can now be given to the case 
without the leaves diverging. Explain this. 

Touch the case and can, so as to discharge them. 
Remove the can, and give the leaves a small positive 
charge, by touching the plate with the plate of the 
electrophorus. If the charge is too great, allow some of 
it to leak away by touching the plate with a strip of paper. 
Show that on bringing the recharged plate of the 
electrophorus near the plate of the electroscope, the 
divergence of the leaves increases. Charge the case 
by the electrophorus, and notice that as the charging is 
continued, the divergence of the leaves diminishes to zero 
and then increases. On now bringing the plate of the 
electrophorus near that of the electroscope, the divergence 
of the leaves diminishes. Explain this by means of 
diagrams. 

Discharge the cylinder, and again charge the electroscope, 
so that the leaves diverge a little. Touch the cylinder, 
and notice that the divergence is increased. State the 
reason for this. 

II. Lines of Force 

Connect the plate of the electroscope by means of a 
thin wire to one of the smaller vertical insulated zinc 
plates (Fig. 81). 

Take a piece of thin wire, about 6 cms. long, and attach 
to one end by means of a little gum, a single cotton fibre 
about 2 cms. long, obtained by pulling to shreds a piece of 
cotton thread. Charge the zinc plate, and hold 
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the wire bo that the cotton fibre ia nearly in contact 
with the plate. Notice that the fibre sets itself so 
as to be perpendicular to the surface of the plate. Move 
the fibre round the plate, and along the wire connecting 
the plate to the electroscope. Note the direction which 
the fibre takea at the edges of the plate, and along the 
wire. Owing to the presence of the charge on the plate. 



^"Un^ 



an opposite charge ia induced on the end of the fibre, the 
charge of like kind to that on the plate being conducted 
through the fibre and wire to earth. The charge at the 
end of the fibre is attracted by the plate, and the short 
length of fibre near the end sets itself along the lines of 
force. 

in. Variation of the Potential round a Charged 
Conductor 

Remove the electroscope from its insulating stand, 
and place it on the bench. The case will now be 
connected through the bench to earth, and its potential 
will therefore be zero. Hence the divergence of the leaves 
will indicate the potential of the body with which they are 
connected. If that potential ia positive, then a positive 
charge brought near the plate of the electroscope increases 
the divergence, if it is negative the charge decreases the 



The potential of an insulated positively charged conductor 
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not in the neighbourhood of other conductors is positive, 
and the potential at points in the air surrounding the con- 
ductor diminishes on all sides. To show this, charge the 
larger of the zinc plates (Fig. 81) by means of the electro- 
phorus. Connect one of the smaller plates to the 
electroscope, and move it, by means of the insulated 
handle, towards the charged plate. The leaves diverge, 
and the divergence increases as the plates approach. Show, 
as above, that the potential of the smaller plate is positive. 

To charge the larger plate negatively by means of the 
electrophorus, place the plate of the electrophorus on the 
ebonite, and instead of touching it to take away the nega- 
tive charge, connect it for an instant, by means of an 
insulated wire held by a sealing wax handle, to the large 
plate. The negative charge then goes to the plate. 
Raise the plate of the electrophorus, touch it, and repeat 
the above operations. 

Prove, as above, that the potential is negative, and 
increases algebraically on all sides of the negatively charged 
plate. 

IV. Capacity 

Connect the large plate to the electroscope, remove the 
smaller plate to some distance, and touch it. Charge the 
larger plate and electroscope, the divergence of the leaves 
of which indicates the potential to which the two have 
been charged. Now bring the smaller plate, which is at zero 
potential, towards the larger plate ; the divergence of the 
leaves of the electroscope diminishes, hence the potential of 
the large plate diminishes. We have seen above, that the 
potential of the smaller plate increases. Thus the two 
plates mutually influence each other. Touch the smaller 
plate, and notice that the divergence again diminishes. If 
the plates are very near together, on touching the smaller, the 
divergence of the leaves can be diminished to a very small 
amount. To cause the original amount of divergence, it 
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is necessswy, if the smaller plate be kept connected to earth, 
to give a great number of charges to the larger plate, or 
to remove the smaller plate from the larger. The quantity 
of electricity which it is necessary to give to a conductor, 
in order to raise its potential by unity above that of 
neighbouring earth-connected conductors, is called the 
" Capacity " of the conductor ; alid we see from the above 
experiment that the capacity of the arrangement is increased 
by bringing the plates nearer together. On account of the 
large capacity of a plate close to another plate connected 
to earth, the system is called a " condenser." 

If a negative charge is given to the smaller plate which 
was touched, its potential will be negative, and there will 
be some point between the plates which has the potential 
of the earth. 

Discharge the electroscope and charge one of the 
smaller zinc plates negatively, as described on the previous 
page, giving the other plate the positive charge. Place 
the two plates on opposite sides of the large plate, and 
about 4 cms. apart. Move one of them about parallel to 
the others till the divergence of the leaves is zero. The 
large plate ought, if the charges on the outer plates are 
equal, to be half way between them. If the charges are 
not equal, the position will be nearer the plate having the 
smaller charge. 

V. Influenoe of the Dielectric between the Plates 

Arrange the two smaller plates opposite each other with 
a plate of glass between them. Connect one by means of 
a wire to the electroscope. Charge it, and touch the other 
plate, so as to bring its potential to zero. Withdraw the 
glass plate suddenly, and notice that the divergence of the 
leaves of the electroscope increases. Show from this 
experiment that the dielectric constant of glass is greater 
than that of air. 
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We propose in this appendix to give some information which we 
hope will prove useful to teachers. 

Students, when entering a Physical Laboratory, require some in- 
struction concerning their note-books and the proper treatment of 
apparatus. The following regulations, which are issued to the 
students of the Owens College at the beginning of each session, may 
serve as a guide to the teacher. 

RBaULATIONS 

I. Each student should be provided with two note-books. 

(1) A note-book for recording observations and making 
rough calculations, which must be available for in- 
spection when required. No observations are to be 
taken, or calculations made, on loose sheets of paper. 

^2) A note-book for writing out carefully the method of 
working and the results obtained. The pages of 
this book should be divided into squares.^ 

II. Each student should be provided with the following 
drawing instruments: — pen and pencil compass, spring bow 
dividers, boxwood scale having diagonal and protractor scales, 
a six-inch steel rule divided into millimetres and inches. 

^ For the sake of uniformity it is desirable that note-books of the 
same kind should be used by students. 
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III. Students are responsible for the apparatus they are 
using, and all pieces of apparatus must at the end of the class 
be left in the same condition, and in the same place, in which 
they were found. 

IV. Each piece of apparatus is numbered, and students must 
enter in their note-book the number of each piece they use. 
Students failing to comply with this Regulation are liable to be 
made responsible for any damage which cannot be traced to its 
author. 

V. Students are not allowed to leave an exercise and proceed 
to another, until their work has been found satisfactory. 

VI. The principal note-book of each student will be examined 
from time to time. 

The exercises described in this volume need not necessarily be per- 
formed in the order in which they are given, and by judicious 
arrangement, a considerable saving in apparatus may be effected. 
Thus it will be found possible, with the help of five or six sets of 
apparatus, to teach thirty students, by having five or six different 
experiments going during each lesson. The principal difficulty will 
be found at the beginning of the session, when all students start from 
the same level. If, however, they possess, as they should do upon 
entering on a Laboratory Course, some knowledge of Theoretical 
Mechanics, the exercises in Part II. may be taken in almost any order. 
After a few weeks, as some of the students will have had to repeat 
the exercises, and others will have gone ahead quickly, they will 
be separated sufficiently to allow the exercises to be taken in the 
order given. 

In order that this separation of students should not become too 
great, some of the more difficult exercises may be omitted by those 
who have fallen behind. It is better for a weak student to be made 
to repeat the same exercise until he has mastered it, than for him 
to be allowed to perform experiments he does not understand. 

To enable the teacher to arrange the work of the class satisfactorily, 
he should keep a clear record of what each student has done. 
The following method has proved satisfactory. 

The names of the students are entered in a column at the left 
hand of a sheet of paper ruled in columns, each of which refers to 
a meeting of the class. Each student thus has a square assigned 
to him for each date of meeting, and in this square the number of 
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the section of the book at which he happens to be working, is 
entered. When a student has performed an exercise, and his result 
has been considered satisfactory, the sign - is entered in the square 
above the number of the section. When the experiments and the 
results have been written out neatly in the note-book, and have been 
approved and initialled by the teacher, a vertical stroke is added, 
and the resulting sign + above the number of the section indicates 
that the exercise is complete. The following table will show the 
appearance of such a **Work Sheet." Reference to it will show 
at once that student A has completed sections 6 and 7, that he 
has performed the exercises of sections 5 and S satisfactorily, but 
has not yet shown the results written out in proper form, and 
that he was absent on October 30. 



Name. 


October 


2 


1 
9 1 16 : 23 


30 


A 


+ 
6 


+ 
7 


a 


8 

• 


a 




1 
1 


B 


+ 
7 


+ + 

8 5 


+ + 

69 


10 


11 










1 + 
C 5 


+ 
6 


+ 
78 


8 


9 

1 


D 


5 


+ 
5 


6 


6 


1 
7 






t 
1 
1 

E 


+ 
8 


9 


4- + 
7 .^ 


6 


10 






! 


F 


+ 
6 


4- 

7 


a 


5 


8 
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SECTION I 



Teachers will find it. useful to get students to practise sub-division 
by eye estimate, and the following method may be adopted. Rule on 
paper a number of lines beginning and ending sharply, and 
varying in length from about 5 mms. to about 3 cms. Then place a 
sharp mark at random on each line, and let the students estimate the 
distance of the mark from one end of th6 line, in tenths of the whole 
length. The estimate may then be verified by direct measurement. 

SECTION v.— The Vernier 

As an additional exercise the volume of the block of wood may be 
calculated. 



SECTION VI. —The Spherometer and Screw Gauge 

It will be useful to make students measure the thickness of a thin 
plate, such as a microscope cover-glass, with both the spherometer 
and the screw gauge. 



SECTION VII. -The Law of Moments 

The prices given on page 237 include separate supports for the 
apparatus required in Sections VII., VIII., and XIII. The fittings 
of the laboratory benches may enable these separate stands to be 
dispensed with ; but there is an advantage in having each instrument 
portable and complete in itself. 



SECTION VIII.— The Pendulum 

Bobs of different materials may be taken, in order to prove that the 
value of g obtained is independent of the material of the bob. 

If there is no clock with a second-hand in the class-room, watches 
suitable for the experiment may be obtained very cheaply. 
(Mr. P. Debert, 10 Church Street, Liverpool, amongst others, sup- 
plies such watches at a cost of 2s. Qd. ) 
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SECTION IX.— The Hydrometer 

The hydrometer which has been found most suitable for 
the purpose, has a total weight of 55 grs. The hollow cylinder, 
which serves as a float, has a length of 9 cms., a diameter of 
2*8 cms., and is made of thin sheet brass. 

The glass jar has a height of 33 cms., a diameter of 6 or 7 cms., 
and is filled with the liquid to such a level that when the hydrometer 
sinks, it rests on the bottom of the jar before the upper pan touches 
the surface of the liquid. 

Students sometimes get into difficulties by not placing the weights 
symmetrically in the pan. The hydrometer will then lean over, 
and the friction against the sides of the jar will make the weighings 
unreUable. 

SECTION X.-Tlie Balance. I 

The balance made by Mr. Cussons at a price of iSs, Qd., is provided 
with a screw by means of which its sensitiveness may be altered. Ad- 
ditional exercises suitable to more advanced students may therefore 
be arranged to test the formula of the balance given in text-books on 
Mechanics. 

SECTION XI.— The Balance, n 

A piece of wax or paraffin is convenient for Exercise IIL 

SECTION xn.— The Barometer 

This section has been added because many laboratories are provided 
with a good barometer, and it is useful to medical students and others 
to be able to read such an instrument. The section may, however, 
be omitted where a suitable barometer is not available. A very 
simple instrument, which may easily be made in the laboratory, will 
be sufficient for the purposes of Section XV. 

SECTION XIIL— Elasticity 

If note-books with pages ruled in squares are used, the curves may 
be drawn in the note-book. Otherwise, curve paper may be obtained 
from Waterlow and Sons, London Wall, London. 
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SECTION XIV. -Boyle's Law 

Care should be taken that the indiarubber tube is sufficiently 
strong. Otherwise, on increasing the pressure the indiarubber will 
expand, and the surface of the mercury in one or other of the tubea 
may sink out of sight, so that it cannot be read off. 

We have purposely omitted an exercise in illustration of Dalton's 
Law (usually called Charles' Law). In spite of several trials we have 
not so far been able to construct an apparatus, which should be, at 
the same time simple, easily put together, and work satisfactorily. 
The chief difficulty has been to avoid the presence of moisture on 
the glass, which renders the results unreliable. The apparatus 
when constructed so as to allow the experiment to be performed 
satisfactorily, is not adapted for use by elementary students. 



SECTION XV.— Preezing and BoiUng Points 

Thermometers, which are rarely half a degree wrong, may be 
obtained at a cost of about Is. from several firms. They are supplied 
direct by Mr. Constantin Heintz, Stlitzerbach, Thuringia. 



SECTION XVI.— Comparison of Thermometers 

The vessels used in this experiment, and in the exercises on Specific 
Heat, may easily be made in any laboratory. The vessel for heating 
the water consists of a brass can, 8 cms. in diameter and 10 cms. deep, 
standing on three legs at a convenient height for heating with a 
Bunsen burner. 

The calorimeter in the specific heat exercises is made of thin 
copper, is 5 cms. in diameter and 9 cms. deep, and weighs 50 grams. 
It is supported on three cork legs, in an outer vessel of zinc 8 cms. 
in diameter and 12 cms. deep. 

SECTION XVIL -Specific Heat. I 

An exercise may be introduced here to show the gradual cooling of 
the water in a calorimeter. For this purpose fill the calorimeter to 
two-thirds its height with water at about 50°, keep the water 
well stirred, and take minute readings of a thermometer placed in it. 
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SECTION XIX. -Method of Mixtures 

It is convenient to determine the specific heat of a good conductor, 
so that the body will quickly give up its heat to the water in the 
calorimeter. Metal borings or turnings are suitable, but we have 
found marble to answer sufficiently well. Small pieces of quartz 
which are unsuitable for optical purposes, and therefore of no value, 
may easily be obtained and used for the purpose. It is an advan- 
tage occasionally to vary the substance used. 

As another exercise, the specific heat of a liquid may be determined 
by heating a solid of known specific heat, and plunging it into the 
liquid. 

SECTION XX. -Latent Heats 

It is only with some hesitation that we introduce the exercise on 
the latent heat of steam, as a simple apparatus does not give very 
satisfactory results. The arrangement recommended has been 
adopted after carefully trying all the methods usually given, and 
finding them unsatisfactory. The condenser here introduced has 
the additional advantage that the latent heats of the vapours of 
alcohol and benzene may be found with the same apparatus. 

SECTION XXI.— Melting and Boiling Points 

Naphthalene has been chosen for the determination of the melting 
point, wax and paraffin, generally used for this purpose, not giving 
consistent results. 

Alcohol is not suitable for the determination of the boiling point, as 
it absorbs moisture, and boils at temperatures which differ according 
to the amount of water present. 

SECTION xxni. -Refraction 

The cubes used in this exercise, as well as the prisms used in Section 
XXVni., may be obtained direct from Mr. Heintz, Stiitzerbach, 
Thuringia, or through Mr. G. Cussons. Fig. 41 is not very clear 
owing to the fact that one of the sighting lines P\P'2 h&s been taken 
in the direction of the normal. The instructions given in the text 
are however sufficient to allow students to perform the exercise 
satisfactorily. 



r 
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SECTION XXV. -Lenses. II 

The lenses may be obtained from Mr. H. H. Sharland, 7 and 8, 
Thavies' Inn, London. 

SECTIONS XXIX AND XXX.— Vision 

These Sections are somewhat more advanced, and may be omitted 
by many students. They are introduced chiefly for the benefit of 
medical students. The method, though simple, gives good results, 
especially for the near points. Teachers will probably be surprised 
to find how many students are short-sighted without knowing it, and 
in how many cases the left eye differs considerably from the right 
eye. When the teacher can spare sufficient time to check the 
numbers, it will be of great interest to keep a record of the results 
obtained in Exercise I. of Section XXX. The authors will be glad 
to receive the statistics, when a sufficient number of eyes have been 
examined, 

SECTION XXXI.— The Sonometer 

The equations given in this and other exercises should of course 
be explained to the students in lectures. The thinnest pianoforte 
wire is to be used on the sonometers. 



SECTION XXXIV. -Magnetic Forces 

For comparison with the lines of force due to a magnet, the lines 
due to two unlike poles should be drawn and suspended in the 
laboratory. See Joubert, Foster and Atkinson's Electricity, p. 236, 
J. J. Thomson's Electricity, p. 61, or Maxwell's Electricity, vol. i. 
p. 170. 

SECTION XXXV. -Magnetic Survey 

A plan of the laboratory should be drawn, and the points at which 
the observations are to be made, indicated on it. If the direction and 
intensity of the force at one point be given, they can from the 
observations, be found at the other points. 
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SECTION XXXVL— Magnetic Fields 

To support the vibrating magnet, form a double loop at the end of 
the fibre, by doubling it back on itself twice, and tying a knot at 
the point where the single and the quadrupled fibres join. 

SECTION XXXVII. -Action of Ouprents 

Ordinary insulated wire sold in coils as electric bell wire makes 
very good connecting wire. 

Connectors for joining the ends of two wires together may be 
obtained from Messrs. Davis and Timmins, 34a, York Road, King's 
Cross, London. 

SECTION XXXVIII. —Voltaic Cell and Tangent 

Galvanometer 

Leclanch^ cells, size No. 3, with the carbon enclosed in a porous 
pot, and with an internal resistance of about 2 ohms, are most 
suitable. 

SECTION XXXIX.— Wheatstone's Bridge 

The wires, the specific resistances of the materials of which are 
determined in this exercise, may be obtained as follows : — 

Copper : Mr. Wm. Rickard,. Ashbourne Road Mills, Derby. 

Iron : Sold in bobbins as binding wire by ironmongers. 

Platinoid: The London Electric Wire Co., Playhouse Yard, 
London. 

SECTION XLI.-BIectrolysis 

This exercise may be omitted by the more elementary students, or 
where no suitable battery is available. 

By connecting the storage cell so that the oxygen is collected 
in the closed tube, an additional exercise may be made. 



Simple experiments on electromagnetic induction may be carried 
out with an astatic galvanometer, a few turns of wire, and a magnet. 
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The apparatus required for this volume can be supplied by Mr. 

George Cussons, Technical Works, Broughton, Manchester, or by 

his agents Messrs. Chapman and Hall, 11 Henrietta Street, Covent 

Garden, London. Some of it is, however, of such a simple nature 

that it could be made by any local worker in wood and metal. 

If supplied in sets, the cost is as follows: — 

£ 8. d. 

Mechanics 500 

This includes : Vernier models, sliding callipers, 

spherometer, small brass cylinder, glass scale and plate, 

pendulum and stand, hydrometer with jar and box of 

weights, balance, large brass cylinder, can and sinker ; 

elasticity apparatus, with stand complete, and apparatus 

for Boyle*s law. 

Price of spherometer alone 15^., of balance alone \Z8. 6g?. 

Heat 110 

Apparatus for boiling points, freezing points, specific 
heat, latent heat, and melting and boiling points. 

LigU 15 

Drawing table on folding legs, mirror and support, 
sighting rod, glass scale, glass cube, lenses, slit, stops 
and screens, and apparatus required for Section XXX. 

Sound 12 6 

Sonometer, two tuning forks, and resonance tube. 

Magnetism 166 

Magnets, magnetoscope, steel and iron wire, magneto- 
meter, and vibration can. 

Current ERectricity 3 9 

Compass needle and stand, tangent and astatic galvano- 
meters, one 2 ohm and one 1 ohm resistance coil, 
Leclanch^ cell, Wheatstone bridge and resistances, poten- 
tiometer, small storage cell (9^. ) 

Electrostatics 12 6 

Electroscope, electrophorous, silk, flannel, and fur 
rubbers, ebonite, can, and condenser plates. 

Total £12 16 6 
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Densities (Approximate). 



Copper 8'9 

Cork -2 

Glass Crown .... 2-5— 2*7 
„ Flint .... 3-2— 3*9 

Iron 7*8 

Lead 11-4 



Alcohol -79 

Mercury 13*6 

Water 10 

Benzene '88 

Airat20°C.& 76 cms. press. -0012 
Hydrogen „ „ -000089 



Melting Points. 



Paraffin . . . about 56" C. 
Bromnaphthaline . . 80 
Rose's Alloy .... 95 



Sulphur 115** C. 

Lead 326 



Alcohol 78*= 



Boiling Points. 
Benzene 80** 



Water 100° 



Specific Heats (Approximate). 



Brass '094 

Copper -092 

Glass -19 

Iron -113 

Lead 031 



Alcohol -58 

Mercury -033 

Water 1*0 



Water (0 ) 



Latent Heats. 
80 



Alcohol vapour (78°) 
Steam (100*) . . . 



209 
536 



TABLES 



239 



Glass Crown . 
Flint . 



>> 



Indices of Refraction 



l-52r— 1-55 
1 -08— 1-80 



Water 



Alcohol 
Air 



{! 



331 for red light. 

343 for violet light. 
. . . 1-35— 1-36 
. . . 1-0003 



Vibration Numbers. 

Highest visible radiation 7*6 x 10^* per sec. 

Lowest ,, „ 3-9 X 10^* 

Sodium light 5*1 x 10^* 

Highest audible musical note about 10,000 

Lowest ,, ,, „ ,, 30 

D of mu'sical scale . . . 288 I G of musical scale 256 



Velocities of Sound at 0" G. 



Iron . . . 


. 500,000 cm/sec. 


Air .... 


33,200 cm/sec 


Glass . . 


. 600,000 ,, 


Hydrogen . . 


128,000 „ 


Water . . 


. 140.000 „ 


Garbonic acid . 


26,000 „ 



Terrestrial Magnetism, 1896. 

Declination varies from 16" W. in Greenwich to 23** W. in Galway. 

Dip from 67° in Greenwich to 72" in Orkney. 

Horizontal Intensity from '18 in Greenwich to '15 in Orkney. 



Gross-sections of Wires of Standard Wire Gauge. 



No. Cross-section. 




No. 


Cross-section. 


No. 


Cross-section. 


18 


•0117 




24 




•00245 


30 


•000779 , 


19 


•00811 




25 




•00203 


31 


•000682 


20 


•00657 




26 




•00164 


32 


•000591 


21 


•00519 




27 




•00136 


33 


•000507 


22 


•00397 




28 




•00111 i 
•000937 


34 


•000429 


23 


•00292 




29 




35 


•000358 




Speci] 


fic Electrical RESisTi! 


lNCES. 




Copper . 


. . . 1 


•6 


X 10- 


-6 


Acids . . 


• • • 


. about 5 


Iron . . 


• • • tj 


>-6 


X 10- 


-6 


Salt Solut 


ions . . 


. „ 20 


Platinoid 


about 


40 


X 10- 


-6 









Air 1 



Dielectric Constants. 
Glass 3 — 8 Paraffin about 2 
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n 


n? 


V» 


1 
n 


1 


1 


1-00 


1-00 


2 


4 


1-41 


•50 


3 


9 


1-73 


•333 


4 


16 


2-00 


•250 


5 


25 


2-24 


•200 


6 


36 


2-45 


•167 


- 7 


49 


2-65 


•143 


8 


64 


2-83 


•125 


9 


81 


3 00 


•111 


10 


100 


316 


•100 


11 


121 


3-32 


•0909 


12 


144 


3-46 


•0833 


13 


169 


3-61 


•0769 


14 


196 


3-74 


•0714 


15 


225 


3-87 


•0667 


16 


256 


4-00 


•0625 


17 


289 


4-12 


•0588 


18 


324 


4-24 


•0556 


19 


361 


4-36 


•0526 


20 


400 


4-47 


•0500 


21 


441 


4-58 


•0476 


22 


484 


4*69 


•0455 


23 


529 


4-80 


•0435 


24 


576 


4-90 


•0417 


25 


625 


500 


•0400 


26 


676 


5 10 


•0385 


27 


729 


5-20 


•0370 


28 


784 


5-29 


•0357 


29 


841 


5-39 


•0345 


80 


900 


5-48 


•0333 


81 


961 


6-57 


•0323 


32 


1024 


5-66 


•0313 


33 


1089 


5*74 


•0303 


34 


1156 


5-83 


•0294 


35 


1225 


5-92 


•0286 


36 


1296 


6 00 


•0278 


37 


1369 


608 


•0270 


88 


1444 


6 16 


•0263 


39 


1521 


6-24 


•0256 


4<) 


1600 


6-32 


•0250 


41 


1681 


6-40 


•0244 


42 


1764 


6-48 


•0238 


43 


1849 


6-56 


•0233 


44 


1936 


6-63 


•0227 


45 


2025 


6-71 


•0222 


46 


2116 


6-78 


•0217 


47 


2209 


6-86 


•0213 


48 


2304 


6-93 


•0208 


49 


2401 


7-00 


•0204 


50 


2500 


7-07 


•0200 



n 
61 


n2 


v^ 


1 
n 


2601 


7^14 


•01961 


52 


2704 


7^21 


•01923 


53 


2809 


7-28 


•01887 


54 


2916 


7-36 


•01852 


55 


8025 


7^42 


'01818 


56 


3136 


7-48 


•01786 


57 


3249 


7-56 


•01764 


58 


8364 


7^62 


•01724 


59 


3481 


7^68 


•01696 


60 


3600 


7^76 


•01667 


61 


3721 


7^81 


•01639 


62 


8844 


7^87 


•01613 


63 


3969 


7-94 


•01687 


64 


4096 


8^00 


•01663 


65 


4225 


8-06 


•01538 


66 


4356 


8-12 


•01515 


67 


4489 


8^19 


•01493 


68 


4624 


8-25 


•01471 


69 


4761 


8^31 


•01449 


70 


4900 


8^37 


•01429 


71 


6041 


8^43 


•01408 


72 


6184 


8-49 


•01389 


73 


5329 


8^64 


•01370 


74 


6476 


8-60 


•01361 


75 


6626 


8^66 


•01333 


76 


5776 


8^72 


•01316 


77 


5929 


8^77 


•01299 


78 


6084 


8^83 


•01282 


79 


6241 


8-89 


•01266 


80 


6400 


8^94 


•01260 


81 


6561 


9^00 


•01236 


82 


6724 


9^06 


•01220 


83 


6889 


9^11 


•01206 


84 


7056 


9^17 


•01190 


85 


7226 


9-22 


•01176 


86 


7396 


9^27 


•01163 


87 


7669 


9^33 


•01149 


88 


7744 


9^38 


•01136 


89 


7921 


9^43 


•01124 


90 


8100 


9-49 


•01111 


91 


8281 


9^54 


•01099 


92 


8464 


9^59 


•01087 


93 


8649 


9-64 


•01076 


94 


8836 


9^70 


•01064 


95 


9026 


9^76 


•01053 


96 


9216 


9-80 


•01042 


97 


9409 


9^85 


•01031 


98 


9604 


9-90 


•01020 


99 


9801 


9-95 


•01010 


100 


10000 


10^00 


•01000 
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w = 8-1416. 



ir2 = 9-870. 



Angle. 


Sine. 


Tangent. 


1" 


0-017 


•017 


2 


•035 


-035 


3 


•052 


-052 


4 


•070 


•070 


5 


-087 


•087 


6 


•105 


•105 


7 


•122 


•123 


8 


•139 


•141 


9 


•156 


•158 


10 


•174 


-176 


11 


-191 


•194 


12 


•208 


•213 


13 


•225 


•231 


14 


•242 


-249 


15 


-259 


-268 


16 


•276 


•287 


17 


•292 


•806 


18 


•309 


-326 


19 


•326 


-844 


20 


•342 


-364 


21 


•358 


-384 


22 


•375 


-404 


23 


•391 


•424 


24 


-407 


•446 


26 


•423 


•466 


'8 


•438 


•488 


27 


•464 


•610 


28 


•470 


-532 


29 


•485 


-554 


SO 


•600 


•577 


81 


•515 


-601 


32 


-680 


•625 


33 


•545 


•649 


34 


•559 


-675 


35 


-574 


-700 


36 


-588 


•727 


37 


•602 


•764 


38 


•616 


•781 


39 


•629 


•810 


40 


•643 


•839 


41 


•656 


-869 


42 


•669 


•900 


43 


•682 


-983 


44 


•695 


-966 


45° 


•707 


1-000 









Angle. 


Sine. 


Tangent. 


46° 


0-719 


1^036 


47 


-731 


1-072 


48 


•743 


1-111 


49 


-755 


1160 


60 


•766 


1-192 


51 


•777 


1-236 


52 


•788 


1-280 


53 


•799 


1-327 


54 


•809 


1-376 


55 


•819 


1-428 


66 


•829 


1-483 


57 


•839 


1-540 


58 


-848 


1-600 


59 


•867 


1-664 


60 


•866 


1-732 


61 


•876 


1-804 


62 


•883 


1-881 


63 


•891 


1-963 


64 


-899 


2-050 


65 


-906 


2-146 


66 


•914 


2-246 


67 


-921 


2-856 


08 


•927 


2-475 


69 


•934 


2-605 


70 


•940 


2-747 


71 


•946 


2-904 


72 


•961 


3-078 


73 


•956 


3-271 


74 


•961 


3-487 


76 


•966 


3-732 


76 


•970 


4-011 


77 


•974 


4-331 


78 


•978 


4-705 


79 


•982 


5-146 


80 


•985 


6-671 


81 


•988 


6-314 


82 


•990 


7-116 


83 


•993 


8-144 


84 


•995 


9-514 


85 


•996 


11-43 


86 


•998 


14-3 


87 


•999 


19-1 


88 


•999 


28-6 


• 89 


1^000 


67-3 


90° 


1^000 


o» 



R 
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Aberration, chromatic, 134 

spherical, 134 
Ampere, 196 
Angle of prism, measurement 

of, 148 
Apparatus, cost of, 237 
Apparent size of object seen 

direct, 150 
Approximations, 15 
Arithmetical calculations, 9 
Astatic galvanometer, 205 
Astygmatic eyes, 151 
Axis of lens, 125 



Balance, 49 

ratio of arms of, 52 
Barometer, 59 

corrections for gravity and 
capillarity, 63 

corrections for temperature, 
61 

vernier, 33 
Benzene, boiling point of. 111 
Boiling point on thermometers, 
to determine, 79 

change due to pressure, 81 

of benzene. 111 
Boyle's law, 70 
Brass, specific gravity of, 55 

density, 56 
Burette, use of, 90 



Calipers, 31 
Calorimeter, 88 

dimensions of, 233 
Capacity, electrostatic, defined, 

225 
Cell, voltaic, 193 
Charles* law, 233 ' 

Chromatic aberration, 134 
Collimator, 147 
Condenser, electrostatic, 225 
Conductance defined, 202 

of conductors in series or 

in parallel, 203 
Construction, geometrical, for 

refracted ray, 123 
for image formed by lens, 130 
for ray passing through 

prism, 144 
Constructions, graphical, 18 
Convergence of a pencil of light 

defined, 127 
Converging lenses, 125 
Converging power of lens, 128 
Cooling correction, 106 
Critic£d angle, 124 
Cubes of glass, where to obtain, 

232 
Current, electric, unit of, 196 
Currents, electric, action on 

magnets, 194 
compared by tangent gal- 
vanometer, 196 
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Currents, electric, measured by 
water voltameter, 212 

Dalton's law, 233 
Density of brass, 56 
Deviation of refracted ray, 143 

measurement of, 148 

minimum, 143 
Dielectric constant, 225 
Divergence of pencil of light, 

127 
Diverging lenses, 127 



Earth, the, a magnet, 177 
Elasticity, 65 

Electrification by friction, 217 
Electrolysis, 212 
Electromotive force, 197 

comparison of, 210 
Electrophorus, 219 
Electroscope, 218 
Emmetropic eyes, 151 
Errors, accidental, 7 

systematic, 8 
Estimate of sub-divisions by eye, 

• 5,231 
Eye, far and near points, 151 

determination of, 155 



Field of magnetic force defined, 
182 
intensity determined, 189 
produced by electric cur- 
rents, 194 
Focal length of convex lenses, 
determination of, 133 
concave lenses, determina- 
tion of, 135 
Focus defined, 126 
Force, lines of magnetic, 183 
Frequency of vibration 
defined, 163 
determined, 165 
Freezing point, determination of, 
77 



Galvanometer, astatic, 205 

tangent, 196 
Glass, specific gravity of, 47 
Graphical construction, 18 
for refracted ray, 123 
for image forme^d by a lens, 

130 
ray passing through prism, 
144 
Gravitational constant, deter- 
mination of, 43 

Hooke's law, 65 

Horizontal force, earth's mag- 
netic, determined, 189 
Hydrometer, 46 

dimensions of, 232 
Hypermetropic eyes, 151 

Images, formation by reflection, 
115 

Induction, electrostatic, 219 
magnetic, 177 

Instructions, 3 

Internal resistance of cell, deter- 
mination of, 198 

Latent heat of water, 103 

steam, 104 
Length, relation between English 
and metric measures of, 25 
Lenses, 125 

where to obtain, 236 
Line of force, magnetic, 183 

electrostatic, 222 
Long sight, 151 

Magnet, simple, defined, 179 
Magnetic bodies defined, 178 

field due to electric currents, 
194 

induction, 177 

meridian, 180 

moment, 187 

survey of laboratory, 184 
Magnetisation, 175 
Magnetometer, 184 
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Magnetoscope, 175 

Magnifying power of lens de- 
fined, 153 
determined, 157 

Mass, relation between English 
and metric measures of, 25 

Melting point of naphthalene 
determined, 109 

Minimum deviation of ray re- 
fracted through a prism 
explained, 143 
determined, 148 

Moments, law of, 38 
magnetic, 187 

Multiple circuits, 202 

Multiplication, shortened, 10 

Negative electricity, 220 
Note books, 4, 228 

Ohm, the unit of resistance, 200 
Ohm's law, 197 

Parallax, 6 

Parallax m.ethod of finding the 
X>osition of an image, 116 
Parallel connection of cells, 201 
Paramagnetic bodies defined, 178 
Pendulum, 43 
Poles, ma^etic, 179 
Positive electricity, 220 
Potential, electric, 221 

variation near a charged 
conductor, 223 
Power of lens, 128 

combination of lenses, 136 
Prism, refraction through, 141 
Prisms, where to obtain, 234 

Record of eye tests, 235 

work done by students, 229 
Reflection, 115 
Refraction, 119 

through prism, 141 
Refractive index, 120 

determination of, 146 
Regulations, 228 



Repetition of observations, 9 
Resistance, internal and external, 
defined, 197 
of cell determined, 198 
of wire determined, 206 
Resonance tube, 169 
Resultant magnetic force 181 
Retentiveness, magnetic, 177 

Salt solution, specific gravity of, 

47 
Screw gauge, 36 
Series, cells connected in, 200 
Short sight, 151 
Shortened multiplication, 10 
Sighting method, of finding the 
position of image formed 
by reflection, 116 
by refraction, 121 
through lens, 137 
Simple magnets defiined, 179 
Snell's law 121 
Sonometer, 163 
Sound, velocity of, 169 
Specific gravity of brass deter- 
mined, 55 
glass determined, 46 
Hquids determined, 47, 58 
specific heat of liquid, 234 
heats, methods of mixture, 
98 
Spherical aberration, 134 
Spherometer, 34 
Steam, latent heat of, 104 
Stops, use of, 135 
Surface, relation between Eng- 
lish and metric measures 
of, 24 
Survey, magnetic, 184 
Susceptibility, magnetic, 177 

Tangent galvanometer, 196 
Tension along lines of force, 183 
Thermal capacity defined, 92 
Thermometers, change of zero, 
87 
comparison, 83 



